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An:;TKAcr
Measurement8 were made o f  the p h ys io lo g ica l responses to  exerc ise  
in  patien tc who had had one le g  immobilised fo llo w in g  bone fra c tu re .
As a oonsequence o f  im m obilisation  they had muscular weakness and 
atrophy o f  the a f fe c te d  lim b. Data werealso c o l le c te d  fo r  compara­
t i v e  purposes on normal hea lthy male su b jec ts . E xerc ise  was performed 
p ed a llin g  a s ta t ion a ry  b icy c le  ergometer w ith  each le g  sep a ra te ly  and 
both legs  togeth er and a system was developed to  enable the pattern  
or fo rce  exerted  on the crank by each le g  to  be measured. Anthropo­
m etric  data in clu d in g  estim ates o f  to t a l  le g  and component tissu e  
volumes were a ls o  obtained.
Analysis o f  the pattern  o f  force  exerted  in  o yo lin g  estab lished  
the com parab ility o f  1- l e g  exerc ise  in vo lv in g  patien ts ' in ju red  or 
uninjured le g s .  In  2 - le g  c y c lin g  the p a tien ts  showed a d isp roportiona te  
sharing o f  work between the le g s , although the actu a l 'p a tte rn *  o f  
fo rce  remained the same in  both legs and the same as in  1- l e g  c y c lin g .
In  submaximal exe rc ise  w ith the patien ts ’ in ju red  le g  the oxygen 
uptake (^ 02)  Tor a g iven  work load and card iac  frequency f e r  a given  
$02 were h igher than w ith  the uninjured le g .  Rated perce ived  exertion  
was a lso  h igher fo r  a g iven  $02 during exe rc iee  w ith  the patien ts ' 
In jured  le g , but th is  d iffe r en c e  was removed when $02 was expressed in  
r e la t iv e  terms (£  tc>2 eiax) .
Maximum oxygen uptake ($0 2 mmx)  was reduced by — 11}C in  the 
in jured  ( c f .  un in ju red ) le g ,  and was assoc ia ted  with the degree o f  
muscle atrophy estim ated an thropom etrica lly . In  2 - le g  exe rc ise  there 
was a grea ter redu ction  o f  $02 wax fo r  a g iven  le g  muscle (p lus  bone)
volume when comparison was made with normal uubjects.
The e f fe c t  o f  reh a b ilita t io n  therapy undertaken by the patients 
was to  restore 1— and 2—leg  ex. r |•• Ml| MMl > M M il  M IW l «  Tht
patient data were in te rp reted  in re la t ion  to  normal data including 
consideration o f  th e  e f fe o t  o f  habitual limb preference.
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IOTBOnUCTION
■ I v i • • • rt;r. ' •
fo r  exerc ise  has been oboerved and e x p lo ite d  since the e a r lie s t  
c iv i l i z a t io n s .  P r im ar ily  th is  e x p lo ita t io n  has been aimed at en­
suring the su rv iva l o f  soc ie ty  in  tim es o f  c o n f l ic t ,  but at other 
tim es i t  has been channelled in to  th e  search fo r  v ic to r y  in  that 
other war without weapons, Sport.
I t  is ,  however, only in  the la s t  century that s c ie n tis t have 
begun to  system atica lly  in ves tiga te  the physio log ica l e f fe c t s  o f  
physical t.-a in ing. The in terest o f  s o ld ie r s ,  p o lit ic ia n s  and sp o rt », 
men as w ell as the s c ie n t i f ic  community has prompted studies lead ing 
to  the crea tion  o f  an extensive l i t e r a tu r e  on the e f fe c t s  o f  physical 
tra in in g  in  man, and to  a lesser e x ten t , woman. However, the h igh ly 
tra in ed  in d iv idual is  only one end o f  a continuum whioh ranges down 
through the "a c t iv e  but untrained" to  the sedentary and beyond.
Whilst there have been many s tu d ies  on the physio log ica l e ffe o ts  
o f  tra in in g , the converse, that is  the e f fe c t  o f  d etra in in g , or immobili­
za tion  hne rece ived  r e la t iv e ly  l i t t l e  a tten tio n  and i t  is  the la t te r  
aspect which is  the subject o f  th is  th e s is .  S p e c ific a lly ,  the thesis  
sets  out to  examine the e ffe c ts  o f  disuse muscular atrophy resu ltin g  
frosi prolonged immobilisation on the physio log ica l responses to e xe rc ise .
Early in ves tiga tion s  in to  th e  p h ys io log ica l e f fe c t s  o f  in a c t iv ity  
in  man were p r im ar ily  concerned w ith  m etabolic and regu la tory changes 
oecurring at re st ( e . g .  Cuthbertson 19?9, Taylor ot a l 1945* B * iil 
e t  a l  1948). I t  was not u n til the a r r iv a l  o f  manned space f l ig h t  in
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le g  frac tu re  had had one le g  immobilized in a p la s te r  cast fo r  a pro­
longed period  but who were otherw ise healthy and am bulatory. A fte r  
removal o f  the cast when the fra c tu re  had healed the in ju red  le g  o f  
these p a tien ts  showed the ty p ic a l wasting and muscular weakness asso­
c ia ted  w ith prolonged im m obiliza tion  whilst the un in jured le g  appeared 
normal in function and s iz e .  I f  s a t is fa c to ry  measurements could be 
made at th is  time o f  the response to  exerc ise  using each le g  s ep ara te ly , 
i t  was c lea r  that these p a tien ts  would provide a u se fu l experimental 
model fo r  studying the e f fe c t s  o f  d isuse muscular atrophy on the physio­
lo g ic a l  response to e xe rc ise .
There fore  fundamental to  the use o f  th is  experim ental model was 
the development o f  techniques fo r  studying the responses to  submaximal 
• le g .
One limb exerc ise
W hilst exerc ise  performance using both le gs  o r  both arms had been 
studied many t in es  (s ee  Bevegdrd and Shepherd 1967 fo r  a genera l re v iew ) 
work w ith a s ing le  limb had been la r g e ly  n eg lec ted . Dunor (1959) "»d o  
the f i r s t  comparative study o f  one and two le g  c y o lin g  in  normal sub­
je c t s .  In submax im:< MS le g  he found th.it oxygen
and blood la c t ic  ac id  le v e l  a t a g iven  work load , and card iac frequency 
at a g iven  oxygen uptake were increased as compared w ith  the responses 
e l ic i t e d  in two log c y c lin g . No d irec t maximal measurements wore made 
in tho study« IS taken as the work I
occurring at a card iac frequency o f  170 beats/minutet In  one le g  c y c lin g  
th is  was 7 > £ o£ o f  the le v e l achieved in two le g  c y c lin g .
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found fo r  PWC^q by IKincr (1959) although th is  nay be somewhat for­
tu itous d m  B w a r 'l  observations w «r  t take no account
o f  d iffe r en ces  in  mechanical e ff ic ie n c y  or o f  the d ifferen ces  noted 
by Pernow and Salt in in maximal heart ra te  in the two types o f  exer­
c ise  (193  and I f l i  beats/ain re sp e c t iv e ly  in two and one leg
I t  was against th is  somewhat lim ited  background that I  started  
to  in ves tiga te  the physio log ica l responses to  one le g  e xe rc ise , in 
p articu la r i t  should be noted that none o f  the studies o f  one le g  
cyc lin g  reviewed attempted to  r e la t e  the responses to  the s ise o f  the 
muscle mass in vo lved  although the ta c i t  assumptions have been made 
since Ikmer (1959) that the con tra la te ra l legs  in  normal subjects 
were id en tic a l in  s ise  and function  and that the performance o f  one- 
le g  cyc lin g  employed h a lf  the mass o f  muscle compared with tw o-leg 
c y c lin g . The v a l id ity  o f  the la t t e r  assumption depended upon the 
pattern o f  cy c lin g  and hence the muscle mass involved being the same, 
although th is  had not however been supported by ob je c tiv e  measure­
ments.
I f f . c t .  o f  M .o s «  on .u n c i, struc tu r . m l  function
There were no studies o f  one le g  cyc lin g  in  subjects fo llow ing  
periods o f  muscle d isuse. Indeed there was a lack o f  data genera lly  
on the functiona l and structura l e f fe o t s  o f  disuse o f  ske leta l muscle 
in  man. This was surprising considering that the e f fe c t  o f  d iffe r en t  
a c t iv i t y  patterns f i r s t  found s c ie n t i f ic  gen era lisa tion  in  the 
"a k tiv ita teh yp er trop h le " and " in a k t iv lta tro p h ie ”  concepts proposed 
by Roux (1905) *1 t i e  turn o f  the century.
1*>
There wore Tor example no M ia t in g  d&tt (w ith  the vo le  cxcejv- 
tion  o f  a s in g le  case study. H i l ls  and Byrd 1973) on the changes in
* l ■ , 4 . I I!., ■■ .1 . . .  ■-
The on ly previous data on the e f f e c t s  o f  immobilisation on limb s ise  
wore usually based on s in g le  circumference measurements o f  the limb 
. ; . 
Friedebold and Strand 1968j P a te l,  Rassak and Dastur 1969)« IV ied  
and She *. (1970) d id  attempt to  improve on th is  approach by measur­
ing muscle width rom X—rays, hence removing the oonfounding in flu ence 
o f  subcutaneou3 f a t ,  although again only at one po in t. A l l  o f  these 
measurements f a i l  to  take in to  account any geometric o r  reg ion a l 
d ifferen ces  in  the lim b.
Data regard in g  the e f f e c t s  in  man o f  muscle atrophy on the physio* 
lo g ic a l response*s to  dynamic e xerc ise  and the aerob ic function  o f  
muscle were lack in g . There was on ly  one study (F r ied  and Shephard 
1970) o f  the response to  e xerc ise  in patients who were recover ing  
fo llow in g  prolonged im m obilisation o f  one limb in a p la s te r  ca s t} 
but un fortunately these authors on ly measured the responses e l i c i t e d  
in  two le g  c y c lin g .  The on ly  other data ava ila b le  was on the e f f e c t s  
o f  whole body im m obilisation  (s ee  Ba ltin  e t a l 1968 fo r  genera l rev iew ) 
but th is  is  d i f f i c u l t  to  in te rp ret fo r  the reasons indicated  at the 
beginning o f  th is  chapter.
Thus the proposed experimental model based on patien ts  re cover­
ing from frac tu re  o f  one le g  ( i l lu s tr a te d  in  p la te  1 )  requ ired the 
development o f  techniques fo r  assessing the degree o f  muscle atrophy 
as w e ll as fo r  - r—sponse to one le g  e xe rc ise .
o
CHAPTtR 2
Leg volume and composition 
fo llo w in g  im m ob ilisation .
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Introduct ion
In order to  assess the decree o f  disuse muscular atrophy In 
a p a tien t'; plat* would
enable an accurate assessment to  be made not on ly  o f  the volume o f  the 
whole le e  but a lso  o f the major component p artst muscle, bone and 
subcutaneous fa t .
Zook (1932) proposed a segmented model fo r  measuring the 
r e la t iv e  s ise  o f  various parts o f  the human body and a number o f  
subsequent in ves tiga to rs  have adopted th is  approach to measure limb 
volumes using water displacement methods ( e . g .  Dempster 1955, Cams 
and Olasaow 19V , D r i l l in  and Contini t 'X ' ) • More recently Jones and
.
In  th is  the le g  is  considered as a s e r ie s  o f  segments each o f  which 
approximate to  the form o f  a truncated cone, the volume o f  which can 
be calcu lated knowing the circumference o f  the two p ara lle l surfaces 
and the height (F igu re  1 ).  When used in  combination with an estimate 
o f  subcutaneous fa t th ickness derived from o a l l ip e r  measurements th is  
technique has the added advantage that i t  enables the volume o f  the 
muscle plus bone tissu e  to  be ca lcu lated .
Hethodolo. ; j
I  there fo re  sought to  apply and extend th is  anthropometric 
technique to  the study o f  the present patien t group. 20 patien ts
who had suffered le g  fractu re  were studied i n i t i a l l y  at the s ta r t 
o f  exercise therapy fo llo w in g  prolonged inmobi1 isation  o f  the 
in jured le g  (mean period 11" days ). In add ition  a group or  normal 
healthy males were a ls o  s tud ied. Full d e ta ils  o r  both groups are 
given  in Appendix I .  Leg voI usm was estimated both anthropometrleall.y

( Jones and Pearson 1969) and independently from le g  X -rays (Jonos 
1970 a ) .
20
Estimates o f  t o t a l  le g  volume based on both anthropometric 
and X— ray measurements as were ca lcu lated  in  th is  in v e s tig a tio n  
have p rev iou s ly  been shown to  be h igh ly  c orre la ted  with volumes 
determ ined by water displacement (Jones and Pearson 19^9, D avies,
Bam -a and - o f r e y  Katch et a l I fT J ,  Pav».-,i 1 9 '4 ).  I t  was not
su rp ris in g  th ere fo re  that in th is  study independent assessment o f  
le g  volumes in  p a tien ts  and normals by X—ray techniques were h igh ly  
c o rre la ted  (P  < 0 .0 0 1 1 c v . 4 -  6/0 with on ly  a s ligh t and non­
s ig n if ic a n t b ias  towards underestimation ( »  1 .y j t )  by anthropometry 
in  the patien ts  (Tab le  1 o f  Appendix I ) .
In  order to  asses:« component t issu e  changes an thropom etrically  
I  examined the re la t ion sh ip  o f sk in fo ld  c a l l ip e r  with d ir e c t  X-ray 
measurements o f  subcutaneous fa t th ickness. Hi is  re la t ion s h ip  was 
l in e a r  and h igh ly  s ig n ific a n t (u su a lly  a t the le v e l o f  P < 0 .0 0 1 ) 
fo r  a l l  fou r s ite s  measured on the p a tie n ts ' injured and uninjured legs 
and on the normal su b jec ts ' righ t and l e f t  le gs  (Table 2 o f  Appendix I ) .  
Thus the appropria te regression  equation can be used to  c o r rec t 
c a l l ip e r  measurements to  true th ickness. The la t te r  values may then 
be deducted from the to t a l  diameters d erived  from circum ference measure­
ments o f the re sp ec t ive  limb aegnents to  g iv e  a diameter fo r  the 
ca lcu la tion  o f  muscle plus bone volume.
In previous stud ies  in normal sub jects (see  Davies 19^4 fo r  
genera l re v iew ) 2—le g  exerc ise  performance, assessed in terms o f  
maximum oxygen uptake, has usually been re la ted  to  le g  volume cor­
re cted  fo r  subcutaneous fa t ,  that i s ,  muscle plus bone volume
21
.
a  r e la t iv e ly  email p roportion  o f  the le g  volume i t  seems reasonable 
to argue that i t a  inclusion  is  l i k e l y  to make on ly  a small system atic 
d iffe r en ce  when estim ating the o izo  o f  the e f f e c t i v e  muscle mass 
used in  exero iso ; and that th is  small system atic e rro r  may be 
p re fe rab le  to  the widespread use o f  X—ray techniques fo r  non- 
therapeutic  purposes.
The present data confirmed that bone volume as calcu lated  from 
X -ray measurements by the method suggested by Jones (I970a)was indeed 
a ra th er small and remarkably constant proportion  ( 1 1  ♦  1 o f  the 
muscle plus bone volumes o f  the uninjured legs  o f  patien ts and normal 
sub jects , fb ta  proportion was la r g e r  and W  variab le  in the patients 
in ju red  le g  being dependent upon the degree o f  muscular atrophy.
However, the actual volume o f  bone was the same in  the patien ts  injured 
1
and uninjured le g s . Thus i f  the bone volume was assumed to  be 11^ 6 o f 
the uninjured le g  muscle plus bone volume, the e rro r  Involved in 
using th is  to  derive  muscle volume alone o f  the in jured le g ,  as 
compared with using an estim ate based on d ir e c t  X—ray measurements 
was very small Indeed (o v .  1%, equ iva len t to  + 60 » 1  o f  muscle volume 
— Figure 2 ).
Anthropometric Survey o f  P a tie n ts .
Using the anthropometric techniques described, estim ates were made 
o f  the to ta l le g  and component tissu e  volumes in 16 young male patients 
at the beginning and end o f  a re s id e n t ia l course o f  exerc ise  therapy. 
This data is  gftvaa in d e ta il by Table 3 o f  Appendix 1. At the commence­
ment o f  therapy the to t a l  le g  volume o f  the patien ts  in jured  le g  was
1 No attempt was made to  c a lru la le  the volume o f  ca llus formed 
around the fractu re s i t e  and personal observation  ind icates  
that th is  is  in any oase very small in  the m a jor ity  o f  frac tu res .
( predicted bone volume I
Figure 2. Leg muscle volume derived  from anthropometric 
measurement o f  muscle plus bone volumes u s in g i
(A )  the bone volume ca lcu la ted  from X -ray 
measurements (Jones 1970a ) .
(B )  the pred icted bone volume ( i . e .  1 l£ o f  tLe  
muscle plus bone volume). In  the case o f  the 
p a t ie n t 's  injured le g  the bone volume was c a l­
cu lated  as 11^  o f  the uninjured le g  muscle p lus 
bone volume.
The lin e  o f  id en tity  i s  shown. Data p o in ts  are 
f o r  p a tien ts  injured ( o )  and uninjured ( • )  le g s ,  
and the r ig h t  and l e f t  le gs  o f  normal su b jec ts  ( A )
•Considered in  tem c  or the major component tissues i t  w i l l  be seen 
from Figure 3 that th is  d iffe r en ce  was a ttr ib u tab le  to  a reduction 
in the Muscle volume in  the in jured le g .  In  fa c t the d iffe ren ce  in 
Musole volume was SCO ■ ) ( ! '  <  U I )  M  par' o f  th is  reduction was 
obscured by a s l ig h t ly  (170 M l) but l i g d f l M e t l |  ( f  <  ‘'.O lj )  greater 
volume o f  subcutaneous fa t  in  the in jured as compared with the uninjured 
le g .  Follow ing exerc ise  therapy there was a reduction in  the fa t 
volume o f  the in jured le g  by 80 ml and in the uninjured le g  by 10  ml 
and as a consequence th is  s ign i: . <• was removed. These
observed d ifferen ces  and changes in  fa t  volume are most in te restin g  
since they seem to  be in  opposition  to the w idely held view (see  e .g .  
Dempsey 1974) that body fa t  cannot be accumulated or be removed on a 
lo ca l basis as a re su lt o f  the a c t iv i t y  le v e l  o f  underlying muscle.
The changes are however adm ittedly omall and u n t il fu rther confirmation 
is  produced the p o s s ib i l i t y  that they are a r t i fa c ts  o f  the measurement 
techniques cannot be e n t ir e ly  discounted.
Following exerc ise  therapy (mean length 50 days) the muscle 
volume «»f the in jured  le g  had inereaeed by 3*0 ml (8 jt -  Figure 4 ) .
In contrast 7 normal hea lthy male subjects who took part in  an inten­
s ive  tra in in g  programme (see  Chapter 5 )  o f  s im ila r duration showed 
no s ign ific a n t change in muscle volume. The mean ra te  o f  increase 
in  the muscle volume o r  the in jured le g  was I .356 per 10 days and 
th is  ra te  seemed r e la t iv e ly  constant in  a given  indiv idual over the 
period  studied ( M U  )  and i igur 1 m€ Appendix l ) .  I t  should be 
borne in  mind however that the data preeented is  based on patients
k i b  K i m
Figure J. The volume o f  bone, oubcutaneous fa t ,  and muscle, 
in the injured ( i )  and uninjured ( u i )  legs o f  the 
patients at the s ta r t o f  reh a b ilita t io n  therapy. 
The s ta t is t ic a l  s ign ific an ce  (p a ired  » t » )  between 
the legs  is  given below each column (ns -  not 
s ig n if ic a n t ).


underpin?: " a c t iv e "  r e h a b ilita t io n  therapy» c le a r ly  th is  constancy 
o f  ra te  w i l l  not be seen i f  fo llo w in g  removal o f  the im m obilizing 
cast patien ts  are unable to  e f f e c t i v e ly  e xe rc ise  the in jured  le g  
due fo r  example to  reduced jo in t  movement o r  u n sa t is fa c to ry  union 
o f  the fra c tu re . An example i s  shov.n in  f ig u r e  5 o f  data c o lle c te d  
on such a patien t who fo llo w in g  removal o f  the p la s te r  cast had 
< 4 5 °  degrees o f  movement a t the knee jo in t  u n t il manipulation under 
anaesthetic  was performed.
Some o f  the increase during r e h a b ilita t io n  in  the muscle volume 
o f  the in ju red  le g  was o f f s e t  by a simultaneous, though non­
s ig n if ic a n t ,  increase (2 ^ ) in  the uninjured le g ,  ( r . 
fin d in g  would seem to  in d ica te  that as a r e s u lt  o f  the consequent 
r e s t r ic t io n  o f  a c t i v i t y  imposed by having one le g  immobilised in  a 
p la s te r  cast there i s  some s lig h t  muscular a trophy, even in  the 
uninjured and otherwise •normal* le g .
The exact nature o f  the loss  occu rrin g from the muscle mass is  
not yet c le a r ,  although i t  i s  in te re s t in g  to  note that Helander 
(195#) studying the e f f e c t s  o f  ism o b ilis a t ion  in  rabb its  observed 
in  the muscle o f  the im m obilised limb a 2Y% lo s s  or weight which 
was almost e n t ir e ly  due to  a decrease o f  m o f i b r i l l a r  p ro te in . In 
an attempt to  provide more conclusive evidence in  man I  have 
re cen tly  embarked on a c o lla b o ra tiv e  study w ith  Drs. R .H.T. Edwards 
and A. Young o f  the Royal Postgraduate M edical School, Hammersmith 
H osp ita l. In th is  study muscle specimens are being obtained by 
percutaneous needle b iopsy (Edwards 19 71 ) o f  the quadriceps o f  both 
the in jured and uninjured le g s .  P relim inary find ings  Ind ica te  that
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Figure *), The time course in one subject (AS) o f  the percentage
d iffe r en ce  between the nuecle volume o f  the in jured ( i )  
and uninjured (u i )  lege| i . e .  (u i -  i  / u i x 100)
A -' Date o f  admission to  R eh ab ilita tion  Centre (p la s te r  
removed four days p rev iou s ly ).
•  «• Manipulation under anaesthetic to  increase knee Joint 
m ob ility  (p r io r  to  manipulation <  4 5 ° ).
C •■ Final measurement at discharge.
in  the in jured lo g  there is  a narked reduction in  the crosa 
sectiona l area o f  both type I  (alow  tw itch ) and type I I  ( f a s t  
tw itch ) auocle f ib r e s ,  with soae in d ica tion  o f  a r e la t iv e ly  
g rea ter atrophy o f  the type I  f ib r e s  (F igu re  6 ) ,
29
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Figure 6 . Fx ample o f  biopay specimens obtained from the la te ra l 
part o f  the quadriceps muscls o f  the ( a )  in ju red  and 
(b )  uninjured le g s . Biopsy was perforated in  both legs 
immediately fo llo w in g  12 weeks im m obiliza tion  o f  the 
Injured le g  in  a p la s te r  ca s t.
Transverse 10^>" sections  are shown s ta in ed  fo r  myosin 
ATPase a c t i v i t y  to  id e n t i fy  type I  ( l i g h t  s ta in in g ) and 
type 11 (dark  s ta in in g ) f ib r e s .

ITITROTXICTICT?
r  1  < I • amt 5? ra n .!- 11  19 ^ 8 ,
Pernow and S a lt in  1971) i t  has been t a c i t l y  assumed that o n e -le g  
c y c lin g  was comparable to  3 - le g  c y c lin g  in  so fa r  as i t  in vo lved  the 
i- hi ' •1 "  ti- -  •• 1 ■ ’ ■ ■ " r •' ' ■ •
There was however no o b je c t iv e  data to support th is  assumption. Further­
more i t  has been known s ince the work o f  Duner (1959) that th ere  is  
a s ig n ific a n t d iffe ren ce  between the mechanical e ff ic ie n c y  o f  one and 
tw o - le g  c y c lin g ! on the b as is  o f  th is  evidence i t  could be suggested 
th a t there is  a prima fa c ie  case fo r  the existence o f  rea l d if fe r e n c e s  
in  the pattern o f  one and tw o-leg q a l i a f .  C learly  such d iffe r e n c e s  
could in va lida te  d irec t comparison o f  the two types o f  e x e rc is e .
S im ila r ly  i t  was not known whether on e-leg  cyc lin g  performed by 
the patien ts  with th e ir  in ju red  and uninjured legs  would be comparable. 
N e ith er was i t  c lea r  what the im p lica tion s  o f  a  functional and stru c ­
tu ra l asymmetry as seen in  the p a tien ts  would be fo r  the performance 
o f  cy c lin g  exerc ise  in vo lv in g  both le g s .
Therefore the aim o f  the in ve s t ig a t io n  reported in th is  chapter 
was to  examine both in  normal su b jects  and patien ts the pattern  o f  
fo rce  applied  to  the cranks o f  a b ic y c le  ergometer during one and two 
le g  c y c lin g .
31
Dutu was co llec ted  on f e w  normal and oix pa in  n U .
Although they could a l l  cycle  none o f  then had taken part in  com­
p e t it iv e  cyc lin g  and none had cycled  on a regu la r basis fo r  a 
number o f  years . However in order to overcome any in i t ia l  habitua­
t io n  e f fe c t  (D avies, Tuxworth and Young 1970) a l l  o f  the sub jects were 
allowed uninstructed p ractice  o f  one and two le g  c yc lin g  on the 
ergometer before the c o lle c t io n  o f d e f in it iv e  data.
The patien ts were s i *  young servicemen who had suffered  t ib ia  
and f ib u la  fractu re o f  one le g  which had consequently been immobilized 
in  a p laster cast fo r  an average o f  14b days (range b - I 'M ) .  They 
were seen 62 days (range 4^-110) post-m ob iliza tion  at which time they 
were fu l l y  weight bearing on the in jured le g  and had good union at 
the fractu re  s it e ,  although they were s t i l l  su ffe r in g  from muscle 
weakness due to  atrophy.
The normal subjects were four healthy young males who were 
employed at the r e h a b ilita t io n  unit attended by the p a tien ts .
The physical ch a rac te r is tic s  and maximal oxygen uptakes o f  the 
normal subjects and patien ts  are given  in  ta b les  1a and 1b re sp e c t iv e ly .
Table la  Age, w eig h t, height, leg (auaclt  plue bone) volume (LV), and the aaxiaua oxygen 
uptake (?02 achieved in  ezerciae w ith  the r ig h t  ( r )  and le f t  ( l )  and both 
lego together bp the fo u r noraal eubjecte atud ied.
8UBJBCT Age
Tr
Weight
kg
Height
CB
LT (i.  e b )l *°2  m i  (A k *° l“ t« )__________
r 1 » 1 2>legs
A 20 60.0 167.8 6.15 6.25 1.94 1.94 2.54
> 20 90.7 18M 7.75 7.42 2.59 2.44 3.33
e 31 73.3 179.3 7.22 7.41 2.05 2 .27 3.20
» 34 69.0 177.0 7.01 6.96 3.34 3.30 4.47
Kean 26 73.2 176.4 7.03 7.01 2.48 2.49 3.39
1b Age, weight, height, leg (*iecle plua bone) vcluae (IV ), and the mazinia oxygen 
uptake (fo,, _mr) achieved in exercise with the injured ( i ) ,  uninjured (u i) and both 
lege together (&>legs), of the air patients studied.
PATIECT Age Height Height L¥ (■ ♦ b) ^  (Ab» ° lute)
JT kg m  l/eln________________
i  ui i  ui 2-legs
I 19 84.7 170.9 6.74 6.92 2.19 2.35 2.89
0 21 63.4 176.8 5.12 6.27 2.22 2.68 2.93
T 20 5%2 1*2.8 4.87 5.92 1.96 2.33 2.63
Q 17 6 2.6 166.3 5.58 5.91 1.99 2.09 2.43
1 25 69.7 178.0 5.19 6.20 1.97 2.20 2.70
3 29 8l.O 181.6 6.88 7.31 2.44 2.87 3.04
Mean 21.8 73.1 174.4 5.73 6.42 2.13 2.77
♦ 3D ♦4.4 ♦13.6 ♦5.5 ♦0.87 ♦0.57 ♦0.19 ♦0.30 ♦0.22
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The sub jects  were requ ired  to  pedal a t f i f t y  revo lu tion s  
per minute a van Dobeln type f r ic t io n  braked b ic y c le  ergometer 
(S ignwall L im ited ).  S ta r tin g  at sero load each sub ject performed 
a continuous p rogress ive  exerc ise  te s t w ith  each le g  sep a ra te ly  and 
both legs  to g e th e r . The te s t  was aimed to  span the range o f  the sub­
je c t s  work cap ac ity  in  4 o r 5 work loads la s t in g  f i v e  minutes each.
The subjects were f i t t e d  w ith s p e c ia lly  adapted p lim so lls  which 
were attached to  the pedals by means o f  two metal p la te s  and b o lts  
s itua ted  under the b a l l  o f  the fo o t .  Since the b ic y c le  had a f ix e d  
wheel th is  arrangement enabled a smooth natura l ac tion  in  one le g  
c y c lin g  when the momentum o f  the heavy flyw h eel c a rr ied  the e xe rc is in g  
le g  through the in a c tiv e  phase o f  the c y c le .  Care was taken 
that the saddle h eight was c o r r e c t ly  ad justed fo r  each subject 
ensuring th a t the le g  was p roperly  extended during the c y c lin g  
movements. Once s e le c ted  the saddle height was recorded and used 
fo r  a l l  subsequent t e s t s .  In on e-leg  e xerc ise  the in a c tiv e  le g  was 
rested  on a low s to o l by the side o f  the ergom eter.
C a rd io resp ira to ry  and fo rce  measurements were made over the 
f in a l  two minutes o f  each work load . Where app ropria te  net values 
o f  oxygen uptake and work were ca lcu la ted  by sub tracting the value 
obtained when the sub ject was p ed a llin g  against sero  load (H i l l  
1965, Whlpp and Wassennan 1968).
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The force  exerted on the r igh t and l e f t  cranks o f  the 
b ic y c le  were measured simultaneously and separa te ly  by a system 
)  •
The basis o f  the system (i l lu s tr a te d  in Figure 7 )  is  a 
staridnrd  f r ic t io n  braked ergometer. S ilicon e  s tra in  gauges (Pye 
Dynamics L td . )  were bonded tu r ia t ground surfaces appr.xximately 
h a lfw a y  along the t r a i l in g  and leading < Jgt o f both cranks. Yhe 
in p u t and output to  these was e ffe c ts  i  by -hunting d isc s  containing 
th r e e  concen tric  brass s l ip  rings on the inside and f ix e d  to  each 
cran k  so that the d isc  and crank rotated  toge th er. Connection was 
aade w ith  the s tra in  gauge by tapping in tc the brttSB r in g s  from 
th e  o u te r  face o f  the d iso . The pick-ups from the brass s l ip  rings 
w ere  mounted on e ith er  s ide o f  the b icyc le  frane ju st behind the 
b ottom  bracket. These pick-ups consisted o f  sets  o f  fou r phosphor- 
b ro n te  metal s tr ip e  5 x 50 *  0.3 mm sandwiched togeth er and clamped 
a t  one end to  an insu lated base p la te . Tbe s tr ip s  were bent to an 
a n g le  and the unit mounted on the b icyc le  frame so that each set o f  
s t r i p s  was in  contact with one o f  the brass s l ip  r in gs  under a s ligh t 
s p r in g  pressure. The output from each crank was fed  to  separate 
Wheatstone bridge c ircu its  and balanced at sero load b efo re  record­
in g  began. The output was dleplayed on an u lt ra  v io le t  oscillograph 
(S .E .  Laboratories Ltd. -  Type 3006) on which records were aade at
.
o f  th e  r e la t iv e  pos ition  o f  the cranks was obtained on the same 
r e c o rd in g  by mounting a small photoe lectrlo  tra n s is to r  on the outside 
o f  the rim o f  the l e f t  s l ip  r in g  d isc  in which a s e r ie s  o f  holes had

Figure 8 .  Force record ing at faat paper speed to  permit
calcu lation  o f  work performed. Timer marks have 
been omitted and the areas measured to  g iv e  the 
work performed (p o s it iv e  and n ega tiv e ) have been 
shaded. The 15° in te rva l markers appear along 
the top o f  the record . L e ft hand crank top dead 
centre (TDC) i s  given  by a t r ip le  marker.
Subje • -it t )0 0  kpm/min.
k m  d r i l le d  at 15  in t e r v a ls  to  coincide with the p os ition  o f  a 
sm all l igh t source mounted inside the d isc  on the b icy c le  fram e.
The impulses gen era ted  by the c e l l  appear a long the top edge o f  
th e  fo rce  record. As  a re feren ce  point top dead centre (TDC) o f  
th e  l e f t  hand crank was indicated  by a t r ip le  marker (F igu re  8 ) .
The system was ca lib ra ted  s ta t ic a l ly  by hanging weights 
from the pedals w ith  th e  cranks fixed  in  the h orizon ta l p o s it io n .
Over a period o f s ix  w eeks ' use there was no s ig n ific a n t or 
system atic  change in  th e  response ch a rac te r is tic s  o f  the system 
and the c o - e f f ic ie n t  o f  va r ia tion  o f  20 c a lib ra t ion s  made during 
th a t  period was <  2?£.
The force  measurements were analysed in  two wayst In the 
f i r s t  (based on th e  s low  paper speed record in g) the peak fo rce  
generated on a crank  during each cycle  was measured over the la s t 
two minutes o f each  work load and a mean value taken, th is  is  
r e fe r r e d  to as th e  mean peak force  (MPF)j in  the second an a lys is , 
th e  work performed on the crank (WCR)  was ca lcu lated  in  a ty p ic a l 
c y c le  by in te g ra t io n  o f  the area between the fo rce  record  and the 
s ero  baseline (F ig u r e  8 ) .  The force was measured at each 15° 
marker position  (w h ic h  are not equid istant due to  changes in  speed 
through the normal c y c le )  and the area between them ca lcu la ted  
assuming a mean f o r c e  and a constant speed. The work performed in 
each 15°  segment ( p o s i t i v e  or n ega tive ) was added toge th er to  g ive  
th e  to ta l work p erfo rm ed  on the crank (W ^ ) over 360°. In ad d ition , 
Wpjj was ca lcu la ted  s ep a ra te ly  fo r  the f i r s t  180°  o f  each cyc le  
(s ta r t in g  at top  dead  c en tr e ) and the second 180°, these sections
1 N.B. Throughout th e  te x t 'work* is  standardised per un it time
( i . e .  e xp re ss e d  as a ra te , kpm/min).
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The p r in c ip a l in d ices  o f  the response to  p rogress ive  one 
and two le g  exerc ise  te s ts  are summarised in  Tables 2 and 3.
Cardiac frequency was con s is ten t ly  h igher fo r  a g iven  $02 
in  one compared with two le g  exe rc ise , as was $02 fo r  a g iven  W: 
the la t t e r  phenomenon in d ica t in g  a reduction in apparent mechanical 
e ff ic ie n c y  in MM cospar, d with two le g  exercice (Fig>ire 9 ) .
Peak Force
The peak fo r ce  o f  each cycle  was measured over the la s t  two 
minutes o f  each work load : The c o e f f ic ie n t  o f  va ria tion  ( c v )  o f 
these measurements f o r  a given  sub ject, le g  and work load was — T%, 
The c o e f f ic ie n t  o f  v a r ia tio n  o f  the mean peak force  (MPF) fo r  the 
f i r s ,  minute o f  measurement compared w ith the second fo r  a l l  subjects 
at 8ubmaximal work loads was <  4^.
There was no s ig n ific a n t d iffe r en ce  between the r ig h t  and 
l e f t  legs in the mean peak force  app lied  fo r  given W in  one—le g  
exerc ise  fo r  a given  subject (P igu re lO ). In tw o-leg  e x e rc is e ,  how­
eve r , there was a con s isten t and s ig n ific a n t (p  <  0 . 0 1 : pa ired  » t » )  
tendency fo r  the r ig h t  le g  to  exert a s l ig h t ly  ( •* 3 j6)  g re a te r  
peak foroe than the l e f t .
The re la t ion sh ip  o f  mean peak foroe  (MPF) and work load W 
were lin ea r  (F igu re 10) in  both one and two le g  exerc ise  and are 
given  by the fo llo w in g  equations:
(a )  1 - leg  : KPF -  11.23 ♦ O.O65 (W ), r  - 0.96, ov -  12^ 6
(b )  2 - legs : RPF - 10.74 ♦ 0.03? ( 5 ) ,  r  - 0 . 98, cv -  10JÈ
I f  account ia  taken o f  the doubled work output in ? - le g  c y c lin g , 
there io  no s ig n ific a n t d iffe r en c e  between the MPF/ft re la tion sh ips  
in  one and two le g  work, although in both cases there are in te r ­
subject d iffe r en c es  r e f le c t in g  a lig h t va ria tion s  in  the pattern  o f  
force  exerted  in  c y c lin g .
Work performed on the cranks (ft )______________
Prelim inary an a lysis  o f  both one and two le g  p ed a llin g  
showed that during the f i r s t  180° o f  the cyc le  (from  top dead 
c en tre ) p o s it iv e  force  was app lied  to  the crank and that during 
the second 180°  a negative  fo rce  was app lied  in  a l l  but the highest 
work loads (Tab les  2 and 3, Figure 8) .
WCR (p o s it iv e  o r n eg a tiv e ) from these two phases which 
co incide approxim ately w ith  le g  extension and f le x io n  were there­
fo re  measured separa te ly  and then added to  g iv e  a to ta l  value.
The net t o t a l  work (S ig n e t ) was obtained by subtracting the work 
performed p ed a llin g  a t zero  load (see methods). Met to ta l  work was 
h igh ly  c o rre la ted  ( r  -  0 .98, P <  0.001, n - 48 )  in both one and two 
le g  c y c lin g  with the work load (f t )  set on the b icy c le  ergometer 
(F igu re 1 1 ). Tota l ft^ n e t i s  on average «* h igher than ft and 
the regress ion  re la t ion sh ip  fo r  the combined data i s  g iven  by the 
equations
T o ta l ft^ n e t -  1.127 ft -  51.43 cv  -  9jC.
The r e la t iv e  c on tribu tion  o f  the extension and f le x io n
phases o f  c y c lin g  to  the to ta l ft^ n e t is  shown in Figure 12. There 
are no s ig n if ic a n t d iffe r en c es  in th is  re la t ion sh ip  e ith e r  between 
legs  o r between 1- and IW leg e x e rc is e . Under a l l  cond itions  and
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work loads otudicd ~  Anf. o f  l in n e t  was porforsod in  the le g  
extens ion  and «• 20^ in lc ^  f le x io n  phases o f  oyo lin g. The
re la t ion sh ip s  are g iven  b y  the equations:
*
(b )  {5CRn. t ( f l e x is s )  -  10.5 ♦ 0.2 (Total 
Crank Rotation Sp--d
In one leg  work d ec e le ra t io n  occurs over at least h a lf  
the c y c le  whilst in  two l e g  work th is  e f fe c t  is  a it ig a ted  by the 
a lte rn a t in g  leg  ac tion .
Figure 13 i l lu s t r a t e s  the va ria tion  in  speed in  one cospared 
w ith  two le g  exercise o v e r  a range o f  work loads fo r  subject D.
At 900 kps/sin the e f f e c t  i s  such that wh ils t the va r ia tion  in 
two le g  exercise is  ap p roxim ate ly  ♦ 10JC o f  the sean speed (50  rpm) 
in  one le g  exercise t h is  increases  to  ♦20{t and -30^ o f  the mean 
speed.
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Figure 10. Mean peak fo rce  (MPF) exerted  at varying work loads (W) 
in  (a )  1- l e g  and (b )  2- l c g  c y c lin g .
1- le g  c y c lin g ! Right A , L e ft  A
2— le g  c y c lin g ! Right C , L e ft  0
Figure 11. The re la tion ch ip  o f  the to ta l net work performed on
the cranks ( t o t a l  f l^ n e t )  compared with the work load 
aet on the ergometer wheel ( f t ) .
1—le g  cyc lin g  O  , 2- le g  cyc lin g  • .
SI
FI fu r* 12. R e la t iv e  contribution t o  the to ta l not work perforated
on each crank (T o ta l f i ^ n e t )  o f  the extension (to p  dead 
cen tre  to  180° )  and f la x io n  ( 180°  to  top dead cen tre ), 
phaaea o f  cycling.
One le |  exercises r i g h t  A  , l e f t  A 
Two le g  exerciset r i g h t  •  , l e f t  0 
Regression  lines are  g iv e n  (see  te x t ) against a back- 
grwm d indicating th e  p roportion a l contribution .
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Table 1b g iv es  the physical c h a ra c te r is t ic s  and maximal exe rc ise  
responses fo r  the s ix  p a tien ts . The le g  (muscle plus hone) volume 
o f  the in jured le g  is  1 1 s isa ller titan th e  uninjured and th is  is  
assoc ia ted  w ith a reduction  in  the maximum oxygen uptake achieved 
in  1-lcft cy c lin g  Kith the in jured ( -'.13 ♦ 0 .1 9  l/ a in ) compared with 
the uninjured le g  (? .4 2  ♦  0 .3 0  l/ a in ) .
The p rin cipa l in d ices  o f  the p ro g re ss ive  1— and 2 -leg  
e xerc ise  te s ts  are g iven  in  Tables 4 and 5 .
Cardiac frequency fo r  a given  oxygen uptake was h igher in  one- 
le g  exerc ise  w ith the in jured  compared w ith  the uninjured le g  and 
h igher in  both o f  these compared with tw o - le g  e xe rc ise .
Workload (f t )  f o r  a given  net oxygen uptake is  c on s is ten t ly  
h igher in  two-compared w ith one-leg e x e rc is e  and h igher in  on e-le g  
exe rc ise  with the uninjured compared w ith  the in jured  le g  (F igu re  9 ) .  
Peak Force
The c o e f f ic ie n t  o f  va r ia tion  o f  the moan peak force  (RPF) 
fo r  the f i r s t  compared w ith the second minute o f  record in g  f o r  a l l  
p a tien ts , le gs  and workloads in  1-  and ^ l e g  exerc ise  w as<4£, 
although the cyc le  by cyc le  va r ia tio n  du rin g  the record in g r e su lts  in 
a c o e f f ic ie n t  o f  v a r ia tio n  (c v )  o f  from 5- 10JC in  a g iven  sub ject and 
le g  at a given  fi. These values are s im ila r  to  those found fo r  normal 
sub jec ts .
R ep rodu cib ility  o f  the le v e l o f  KPF exerted  w ith the in jured  
and uninjured legs in  2- l e g  cyc lin g  was examined in  two su b jects  over 
a range o f  work loads (n  -  20 ). There was no system atic d iffe r en c e
*>4
bctw. cn th. f i r s t  (x )  and second m  s sursnsnts (y )>  The re la tion sh ip  
i s  given byj
y -  1,73 ♦  0.93X, r  = 0 .9 9 , CV - 1%  (Figure 14)
The r e la t io n s h ip  o f  MPF t o  U is  not s ig n ific a n t ly  d iffe r en t  
between o n e - le g  exerc ise  perform ed w ith  e ith er  the in jured or the 
uninjured le g  (F igu re  15a). The combined data can th ere fo re  be 
described by the regression  e q u a tio n
MPF -  1 1 . 2 9  ♦  0.056ft; r  -  0 .9 7 ;  cv  -  U%.
When the patien ts perform ed  two le g  cyc lin g  the MPF generated 
at a g iven  work load was c o n s is t e n t ly  h igher in the uninjured compared 
with the in ju red  le g  (F igu re 1 5 b ) .  The re la tion sh ip  in  the two cases 
is  lin ea r  and g iv en  byj
(a )  In jured  le g  : MPF - 10.98 ♦  0.0215#; r  - 0.92; cv  -  17Jt
(b ) Uninjured leg  : MPF •  11.73 -» 0 ,0 ]J ]ft|  r  »  0.955 cv -  14*.
Work performed on the crank ( # CR)
The t o t a l  net work perfo rm ed  on the crank (s) (T o ta l f l^ n e t ) 
was h igh ly  c o r re la te d  ( r  -  0 .9 7 , P <  0.001 n -  59) in  both one and
tw o-leg c y c l in g  w ith the work lo a d  (f t )  set on the b icyc le  (F igu re 16 ) .
However, in  tw o-leg  e x e r c is e  there was a large and s ign ific an t 
d iffe ren ce  (P  <  0.001) between f t^ n o t  performed with the injured 
compar. le g  (F ig u re  17). The injured le g  contribut­
ing on average on ly  $&% o f  th e  t o t a l  f i^ n e t o f  tw o-leg  cy c lin g  over 
the range o f  work loads s tu d ie d ; the d isp roportiona te ly  la rger  share 
(62%) being contributed by the un in ju red  le g .
Û o f  extension and f le x io n
The r e la t iv e  con tribu tion  o f  the extension and flex ion  
phases o f  cyc lin g  to the • to ta l*  8—set performed by a given le g  
is  nhown in Figure 18. There is  no s l p d f i M l t  d i f f e r — PS l 
the injured and uninjured le g e  in  the proportiona l contribution o f  
the two phases in e ith er  on e-le g  or two-leg c y c lin g  and the combined 
data can be described by the fo llow in g  equations!
Extension W^net = 0.76 (T o ta l f l^ n e t ) -16.2  
Flexion  ft^n et -  0.24 (T o ta l W ^net) +15*8
Analysed in th is  way the greater p roportion  o f  the to ta l 
io  p e rfo rm 'd  Ü  ~  ' o n ly  — 25^
is  performed in  le g  f le x io n .
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Table 5.
( • )
Injured
U «
( » )
Uninjured
U «
Principal indice« of response« to t-le* exercise for (a ) the injured and (b ) the uninjured legs. 
Par •-*• rs a.- :or Table 4.------------------------------------------------------------------------------------------------------------
2 kpa/am 0 277 390 569
♦27 ♦42 ♦ 102
i o .  l/min 0.55 1.06 1.32 •
♦0.02 ♦0.12 ♦0.13 ♦0.25
f  beats/a in 103 128 149 168
♦17 • ♦ 10 ♦ 8 «ê
«FF -  k * 10.5 24.9 35.4 42.9
♦2.3 ♦2.9 ♦2.8 ♦4.2
Work performed kpn/mn
Bitension i r r♦45
369
♦50
459
*64
590
♦130
Flexion -« 15 -31 32 35
♦ iê ♦53 ♦36 ♦51
Total 62 338 «90 624
*>} ‘ 75 ♦93 ♦155
fi kpa/ain
♦o2 1/ain 
fjj beata/aia 
«PF -  kg
» r< t» : : oraed kpa/'xir.
Bitension
Flexion
0 305 454 573 733
♦14 ♦3° ♦23 ♦7°
0.54 1.06 • 1.64 •
♦0.03 ♦0.09 ♦0 .11 ♦0.21 • .
100 122 143 158 176
♦13 ♦13 ♦13 ♦ 12 ♦13
12 .2  ■ 26.5 36.5 45.8 54.6
♦2.0 ♦2.6 ♦3.8 ♦5.2 ♦4.9
202 406 527 646 747
♦29 ♦46 ♦47 ♦59 ♦ 21
.1 1 0 -15 ♦ 11 41 94
<48 ♦37 ♦37 ♦38 ♦19
92 392 538 686 841Total
10 »  30 «0 »
MPf ( day 11 - Kg.
Figure 14. The re la t ion sh ip  between measurements made on successive
days o f  the mean peak fo r e s  (KPF) exerted  in  2 - le g  cyc lin g  
by p a tien ts  (P  *  Q) w ith  th e ir  injured (O l and uninjured 
le gs  ( • ) .
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P lgur« 16. Th« relationship  in p a t ie n ta  o f the to ta l not work 
performed on tha crank*, ( t o t a l  W ^net) to th« work
load « e t  on th« «rgo a ia ta r  (vJ).
1-  le g  cycling •
2 - le g  cycling O
Figure 17. The contribution ( f i^ n c t )  o f  the in jured (o — —o )
and uninjured ( • --------e) legs to the to ta l  net work
(T o ta l i^ n e t )  during ? - le g  c yc lin g .
The regression lin e s  are given (see t e x t )  against 
a background in d ic a t in g  the proportional con tribu tion .
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DI3CUS3ION
In  considering the data presented  in  th in  chapter a number 
o f  important q u a lif ic a t io n s  should be borne in  minds
Although the su b jects  had a l l  c y c le d  as child ren  and s t i l l  
d id  so occas ion a lly , th ey  had never r e c e iv e d  any s p e c if ic  tra in in g  
in  cyc lin g  technique o r  taken part in  com petit ive  sport. Thus 
although they may be ty p ic a l o f the "n o rm a l" population, th e ir  
p a ttern  o f  cy c lin g  may d i f f e r  s i g n i f i c a n t ly  from that shown by 
com petitive  c y c l is ts  (s ee  e .g . Hoes e t  a l  1968) .
One-leg c y c lin g  was measured u s in g  a f r ic t io n  braked b icyc le  
o f  the van Do be In type  with a f ix e d  w h e e l.  With the ac tive  foo t 
attached  to the pedal (s ec  methods) t h i s  a llow ed the subject to  
r e l y  on the momentum o f  the heavy f ly w h e e l  to  carry the le g  through 
the inac tive  phase o f  the cycle . O th e r  in ves tig a to rs , however, have 
adopted d iffe r en t  s tra te g ie s ! C lo s e r  (1973) fo r  example, had two 
su b jects  standing one e ith er  side o f  a  b ic y c le  sharing the work between 
them; Freyochuss and Strandell ( 19 6 8 )  used an ergometcr which free  
wheeled and found i t  necessary to  u se  a spring mechanism to return 
th e  pedal te  the to p  o f  the cycle  in  o rd er  to ensure a umooth cyc lin g  
movement. O bviously, there may be im portant d ifferen ces  between 
these approaches.
A ll o f  the experiments r e p o r ted  here were carried  out a t a 
nominal pedal speed o f  ^0 rpm in b oth  one and two le g  exe rc ise .
Large varia tion s  in  th is  speed w i l l  c e r t a in ly  modify the e ff ic ie n c y  
o f  cyc lin g  (D ick inson  1929) and w i l l  probably in fluence the pattern 
o f  force  ap p lica tio n .
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Moauuromont o f  the peak force  o f  each cyc le  over a fu l l  
two mit. . .
a t each work load . Thia in  contraot to the r e la t iv e ly  b r ie f  
Measurement periods, o ften  immediately at the commencement o f  
e xe rc ise  used in stud ies o f  £ - le g  cyc lin g  by other in ves tiga to rs  
(Cavanagh at a l 1JT4| Hois c t  al 1'X>R). Ao a consequence the 
present subjects had ample opportun ity to  accustom themselves to  the 
work load and th is  is  r e f le c t e d  in a c o e f f ic ie n t  o f  v a ria tion  fo r  
both patiente and normal sub jects  o f •<* fo r  a given sub ject, le g  and 
work load . This was a t tr ib u ta b le  to  cyc le  by cycle  va r ia tion  rather 
than p eriod ic  changes over the measurement period  in (a )  the pattern 
o f  c y c lin g  o r (b )  in  the case o f  2 - leg  p ed a llin g , work sharing between 
the two le g s . Consequently the c o e f f ic ie n t  o f  varia tion  o f  the 
mean peak force  fo r  the f i r s t  minute o f  measurement compared with 
the second was <
The change, in  le g  volume (muscle plus bone) and $02 o f
the patien ts in jured compared with th e ir  uninjured le g  are s im ila r 
t o  those reported  in  Chapter 4 fo r  a la rger  group and i t  is  not 
proposed to  discuss them in  d e ta i l  h ere, beyond estab lish in g  the 
magnitude o f  the fun ctiona l and structura l asymmetry o f  the patien ts  
le g s .  Neither is  i t  proposed to  discuss va ria tion s  in  the card io­
re sp ira to ry  responses to  submaximal one and tw o-leg  exerc ise  in  e ith er  
p a tien ts  or normal sub jects  fo r  the same reason. Readers should 
r e fe r  to  Chapter 4«
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The normal au b jocte  showed no s ign ific a n t d ifferen ce  between 
the r igh t and l e f t  leg8  in  the MPF/fi re la tion sh ip  o f  1 -leg  exercise 
(F igu re  10). in two l e g  exerc ise , however, a s lig h t ly  though
—
th is  context i t  is  in te r e s t in g  to note that a l l  subjects id on t ified
,
jumping or hopping, although the e ffe c t  o f  th is  preference was not
re fle c te d  by any s ig n if ic a n t  d ifferen ces  in the leg  volume or $0? Kax 
measurements (Table 1 a ).
The range o ver which force can be e f fe c t iv e ly  app lied  to the 
cranks in  leg  extension  and flex ion  w i l l  obviously depend upon the 
saddle position  r e la t iv e  to  the crank (Carlsoo and Molbech 1966,
Hoes e t a l 1968) as w e ll as the length o f  le g  segments o f  individual 
sub jects . However, v isu a l inspection o f  the force records (F igure 6 ) 
re vea ls  that very l i t t l e  force  is  being e f f e c t iv e ly  applied  to  the 
crank fo r  a few d egrees , e ith er  at the top or the bottom o f  the c yc le . 
Therefore, the a n a lys is  has been standardised by ca lcu la tin g  fiCR 
separa te ly  fo r  the f i r s t  and second 180° o f  each cycle  as measured 
from top dead centre in  order to  Indicate the work done in leg  
extension and f le x io n  rcspuuLively.
Analysed in  th is  way i t  becomes c lea r  that over almost the 
whole range o f  submaximal work loads p os it iv e  work performed on the 
crank in leg extension  i s  used both to carry out work on the b ioycle  
and also  to  l i f t  the le g  during the f le x io n  phase when a negative 
fo r ce  is  applied to  tike crank ( M l N  t  and ? ) .  Total work ( 1 ^ )
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which is  the Bum o f  the cxtenaion (-*ve) and  f lex io n  (- v e  at a l l
.
At zero  load to ta l io  -  70 kpm/min I work M M M W y
to  overcome the f r i c t i o n a l  resistance in  th e  b icyc le  transnicaion as 
w e ll as in the s l ip  r in g  assemblies. In  o rd e r  to compare the work 
load (l3) aa set w ith  the calculated v a lu e s  o f  work performed on the 
cranks ( f ig , )  i *  i s  necessary to  subtract from  the la t t e r  value the 
W'CH c pedalling a t zero  load to g ive  V ia n e t .  When comparison is  
■wide in  th is way W and fig , are h igh ly c o r r e la te d  ( r  = O.9R) although 
f ig , is  on average ~yfo h igher than l3 (F ig u r e  11) j  th is  may be due to  
fr ic t io n a l  losses in creasin g with work lo a d  due to  imposed stresses 
on the bearings.
When fig ,n et i s  calculated s e p a ra te ly  fo r  the extension and 
f le x io n  phases o f  c y c lin g  i t  is  d e a r  th a t  there i s  a progressive 
increase in a c t iv e  l i f t i n g  o f  the le g  in  f le x io n  during both one 
and tw o-leg work. Thus 6g,net o f f l e x i o n  increases, although i t  is  
not u n til the h igh es t work loads ( >  9Of> V02 BikX)  that the absolute 
value o f  fig, in  f le x io n  becomes p o s i t iv e  and ass is ts  the forward 
ro ta tio n  o f the crank.
The p roportion a l contribution o f  extension and f lex ion  phases 
t o  to ta l fig,nct remains constant at -» 8O and 20$ re sp ective ly  
throughout the range o f  work loads s tu d ie d  in both 1- and 2 -leg  
cy c lin g  (F l f t fS  1 2 ) i  Thus in th ic r e s p e c t  1- and 2 -log  cyclin g  
arc comparable a c t i v i t i e s .
6?
W h ilst the proportiona l con tribu tion  o f  extension and 
f le x io n  phases does not change in  1- compared with 2 - le g  work 
the con d ition s  under which they perform th is  work notab ly  in 
terms o f  crank ro ta tion  speed and thus muscle con traction  speed
load th e  ro ta tio n  speed o f  the crank at the s ta r t o f  le g  exten­
s ion  i s  equ ivalen t to  a pedal speed o f  *»35 rpm, by the end o f  
le g  e xten s ion  the speed has r is en  to  «• 61 rpm. In contrast the 
•peed flu c tu a tion  in  ^ l e g  exe rc ise  i s  much le ss  marked being 
the equ iva len t to *»45 rpm minimum r is in g  t o —'Sj rpm Maximum 
(F igu re  1 } ) .  I t  has been shown by many in ves tiga to rs  (see  e .g .  
D ickinson 1929, Banister and Jackson 1967 )  studying 2 - le g  c y c lin g , 
th a t marked varia tion  in pedal frequency from optimum le v e ls  o f  
5&.60 rpm re su lts  in reduced mechanical e ff ic ie n c y .  In  one le g  
e x e rc is e  the fac t that the sniscles are con tracting and applying 
fo r c e  a t le a s t fo r  part o f  each cyo le  a t g rea ter extremes o f 
crank ro ta tio n  speed than i s  the case in  ^ l e g  p ed a llin g  may con­
t r ib u te  to  the reduced mechanical e f f ic ie n c y  noted in  th is  (F igu re  
9 ) and o th er in ves tiga tion s  (Duner 1959« Freyschuss and Strands 11 
1968, Pemow and 8 a lt in  1971). Although other fa c to rs  may be at 
le a s t  i f  not more important| fo r  example a r e la t iv e ly  grea ter  
Increase  w ith ft o f  the postu ra l work requ ired  to  s ta b i l is e  the 
body p os it io n  in one compared w ith  tw o -leg  e xe rc ise .
?- l c C c y c lin g  gorformed b;,- th- patien ts  
1—le g  c y c l in ' !
In  1 -leg  exorc ise  there i s  no s ig n lf lc s n t  d iffe r en c e  between 
the in ju red  and uninjured le gs  in  the re la t ion sh ip  o f  mean peak 
fo r c e  (KPP) to  work load (w ) .  Th* regress ion  lin e  fo r  the oosib ined
6«
data l ie u  within although towards the lower siargin o f  the confidence
.
When fl^ n e t is  considered  separa te ly  fo r  the le g  extension 
and f le x io n  phases in  1—le g  c y c lin g , no s ig n if ic a n t d ifferen ces  
are revealed  between th e  le g s i  the la rges t p roportion  ( «• 7^C) o f 
W ^net being generated by le g  extension both w ith the in jured and 
«» in ju re d  legs throughout the range o f  work loads stud ied  (F igure 18). 
This i s  s lig h t ly  ( «• but s ig n i f ic a n t ly  le ss  than the proportion
• f  work done in le g  e xten s ion  by the norwial su b jec ts . However, it  
should be reaembered th a t both the patien ts in ju red  and uninjured legs 
show the same p roportion a l con tribu tion  in  the extension  and flex ion  
phases. I t  th ere fo re  seeaa reasonable to  suppose that ra ther than 
being an in tr in s ic  d i f fe r e n c e  re su lt in g  f r o «  muscle disuse the d if ­
ference  between the p a tie n ts  and normal sub jects is  most l ik e ly  
a ttr ib u tab le  to normal in te rsu b jec t v a r ia tio n  in  the pattern o f c yc lin g  
c o in c iden ta lly  emphasised by the small number in  each group.
Comparison o f  the re la t ion sh ip  between oxygen uptake and work 
load in  1- le g  e xerc ise  in d ica tes  that the in ju red  le g  i s  performing 
at a reduced le v e l  o r me chan X ca l e r r ic icn c y  (F igu re  9) .  This 
d iffe r en ce  cannot be acoounted fo r  in terms o f  gross  changes in 
the pattern o f  c y c lin g  ( e . g .  by the in jured le g  doing more or less 
work in  the extension o r  f le x io n  phases o f  c y c l in g ) ,  since on the 
present analysis the in ju red  and uninjured le gs  appear to  behave 
in an Iden tica l fa sh ion . Obviously t i e  d iffe r en c e  in  e ff ic ie n cy  
may be accounted fo r  by more subtle biomechanloal changes than 
could be Id en t ified  by th is  in ves tiga tion  ( e . g .  by the pattern
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o f  fo rce  ap p lica tion  on the crank being gen era ted  by d iffe ren t 
u n c le  c rou p e ). It  does however seen u n lik e ly  that s ign ifican t 
changes o f  th is  nature would not produce some va ria tion  in the 
pattern o f  force  ap p lica tion  between the in ju re d  and uninjured 
1««>
The increased oxygen cost o f o n e - le g  c y c lin g  with the 
in jured  le g  way be due to  an increase in p os tu ra l work as suggested 
to  exp la in  the d iffe ren ce  in  e ff ic ien cy  between  2- and 1- le g  cyclin g. 
This exp lanation  is  not e n t ir e ly  convincing however since i t  is  
d i f f i c u l t  to  see why the same work load (a lth ou gh  admittedly 
• r e la t iv e ly *  greater fo r  the injured le g )  should  require an 
increased postural e f f o r t  a t the low le v e ls  o f  W at which the 
W/V02 re la t ion sh ip  begins to  d iverge.
A lte rn a t iv e ly , the d ifference may r e f l e c t  genuine varia tion  
in the BMtabolic e f io le n e y  o f  the a troph ied  auscle in the injured 
le g  dependent upon fo r  example the v e lo c i t y  o f  contraction and the 
r e la t iv e  contribution  o f  type I or type I I  - ubcI s f ib re s  (Ooldspink, 
Larson and Davies 1970, Bolstad and E rsland  1976).
3 - lo g  cyc lin g »
In  3 -leg  c y c lin g  the re la tion sh ip  o f  mean peak force (MPF) 
to  work load (A ) i s  s ig n ific a n t ly  d i f f e r e n t  fo r  each le g  (F igure 15). 
In net terms MPF i s  «• 40* lower in the in ju re d  compared with the 
uninjured le g  fo r  a g iven  work load. T h is  s tr ik in g  d ifferen ce  is  
a ls o  re f le c te d  in  the Act,"«-* calculated s ep a ra te ly  fo r  each le g  so 
that the in jured le g  is  contributing ~  40^ le s s  work than the 
«■ in ju red  le g  towards the to ta l (F igu re 1 7 ).  However, the propor­
t io n a l contribution  o f  extension snd f l e x io n  to  A^net remains the
same fo r each lo g  and iB not s ig n i f ic a n t ly  d iffe r en t  to  that found 
in  1-leg exe rc ise  (Tab les  4 *  5t Figure 18).
•
injured lo g  whether used in  one or two le g  exorc ise  remains the 
same as with the uninjured le g ,  but in  2 -leg  exerc ise  the injured 
le g  operates a t a r e la t iv e ly  lower o v e ra ll le v e l compared with the 
uninjured le g .  The d iffe r en c e  in  work performed (W ^ n et ) by the 
legs during 2 - le g  exerc ise  i s  in marked contrast to  a loss  in maximal 
aerobic function ( T?0? and l t |  TC ltM  or cnl.y ~  11
Explanation o f  th is  apparent anomaly may l i e  in a simple 
"res tin g " o r  "proto<-t i n r "  o f  the injured le g .  However, I f  no, i t  
was an apparently unconscious e f f o r t  on the part o f  the patients 
who were not aware that work sharing was being assessed during the 
exercise and who in add ition  when subsequently questioned, said 
without exception  that they were not consciously aware o f  using one 
leg  more than the oth. r .  Furthermore, although there was some in te r -  . 
subject v a r ia tio n , the r a t io  o f  work sharing between the legs in  
any one pa tien t was remarkably consistent throughout a range o f  
work loads. HPF a ls o , whether examined on a te a t re -tea t basis over 
a wide range o f  work loads (F igu re  14) or on a minute to  minute basis 
(c v  < 4 )0  ia  h igh ly  c orre la ted  in  any one patient and leg  during 
2 -leg o y c lin g .
The consistency o f  these la t t e r  find ings suggests that 
there may be a genuine p hysio log ica l basis fo r  the disproportionate 
work sharing between the le g s , although i t  is  not c lea r what th is  
may be. One p o s s ib i l i t y  may be that the ra tio  o f  work sharing is  
re la ted  to  optimal mechanical e ff ic ie n c y  as i l lu s tra te d  in Figure 19.
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In th is  th eo re t ica l ca lcu lation  work loads- fro e  600-900 kpm/aln have 
been d ivided in  d iffe r e n t  proportiona between the lege and the oxygen 
cost calcu lated  froa  the known re la t io n s h ip  between ft and fto2 (F igu re  9 )
. .
.
d ifferen ce  in  e ff ic ie n c y  e x is ts  between the legs  in 2 aa in  1 -leg  
exerc ise , i t  can be seen froa  th is  an a lys is  that the r a t io  o f  work 
sharing between le gs  as observed in  our patien ts  f a l l s  w ith in  the 
optiaua range fo r  e ff ic ie n c y .  I t  is  not c lea r  how th is  optimal work 
sharing could be achieved. I t  aay be that the same number and type 
o f  aotor un its  representing the optimum fo r  e ff ic ie n c y  are innervated 
in  both legs  but that those in the in ju red  le g  produce leas  tension  as 
a resu lt o f  a trophy.
In conclusion, d isp roportiona te  work sharing in  2 - le g  c yc lin g , 
whether i t  is  simply due to "p ro te c t in g "  the in jured le g  o r  whether 
i t  r e f le c ts  a re a l physio log ica l d iffe r en c e  has important p ra c tic a l 
and, o r, th e o re t ic a l im p lica tion s. In  the former case i t  means that 
^ l e g  ex ere  l i e  may not produce the maximal desired  e f f e c t  when used 
aa part o f  a  programme o f r e h a b i l i ta t io n  therapy unless c a re fu lly  
monitored; in  the second oase i t  suggests th a t, fo llo w in g  immobili­
sation there i s  a physio log ica l d iffe r en c e  o f  considerable magnitude 
between the limbs which is  not adequately  r e f  looted  by measurement 
o f  maximal function  (ft<>2 _ _ _ )  o r gross  structure (L V ), but which aay
changes occurring at a c e l lu la r  le v e l in the atroph ied  muscle. 
C learly  th is  is  an area requ irin g  fu rth e r  in ves tiga tion  to  e lu c ida te  
the fum.. ion a l s ign ifican ce .
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% Contribution al injurod log
F igu ro 19. T heo re tic a l c a lcu la tion  o f  th e  a f f e c t  o f  varying the 
percentage con tribu tion  o f  th e  in ju red  le g  towardathe 
performance o f  4 work loads u s in g  both le g s .
The c a lcu la t io n  is  based on th e  re la t ion sh ip s  fo r 
1—le g  exe rc ise  with the in ju re d  and uninjured legs 
(F igu re  9 ) .
Tota l work load - 900 ( o ) ,  r OO ( x ) ,  700 (A ) and 
600 ( • )  kpai/min.
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Th« patt. rn o f ioro . *i>i»l|. d in_.1- and ? - l » g  exorc ise  
by normal .■.nh.i«-.-tii
The pattern o f  Torce ap p lica tio n , as characterised  by mean 
peak force  and the pattern  o f  work perforated in  the le g  extension 
and f le x io n  phases, was the same in 1— and ^ l e g  exerc ise  in noraial 
su b jec ts . The in ve s tig a tio n  th e re fo re  supports the assumption that 
the same muscle groups (and thus muscle mass) are used to  produce the 
■mate pa-. I la  both forms o f M W reiM a Consequently
comparison based on an assumed doubling o f the ac tiv e  muscle mass in 
 ^ com;.: - la *  seems ju s t i : I
n .  j . t I t i T  o f  fo r e , .p p l l .d  Hr p a tien t. th . i r
L ju r r J  m-l m. in-..r- J i.-p ..
The pattern o f  fo r c e  exerted  in  1—le g  c y c lin g  performed by 
the patien ts with th e ir  in ju red  le g  was the same as w ith  th e ir  uninjured 
l e g .  Thus d irec t comparison between the 1 -leg  exerc ise  performance 
o f  the p a tien t 's  in ju red  and uninjured legs  Bcems ju s t i f ie d .
Work sharing b. tween le gs  in  2—le g  exerc ise
Normal sub jects showed a tendency in 2—le g  c y c lin g  towards 
doing more work (  •• 3 ft) w ith  th e ir  r igh t ( 'p r e f e r r e d ')  ra th er than 
l e f t  le g s .
This d iffe r en c e  was however r e la t iv e ly  in s ig n if ic a n t in 
comparison with the p a tien ts  who showed a large  and consisten t
d iffe r en c e  between the work performed by the in jured compared with 
the uninjured leg  throughout the range o f  work loads s tu d ied . Hence
the in jured le g  contributed on average 4C?i lesa  than the uninjured
.
the d iffe r en c e  (~ 1 1 ji)  between $0,, max or le g  (muscle plus bone)
. Ifer tlw v  tho pdMMMMM io  «im p ly an unconscious 
restin g  o f  the injured le g  o r  whether I t  lias soae genuine physio logical 
basis is  not d e a r .
D il'f. ;■ - ■■■ .1 in ~ur i r  nt it.- r 1 u. • i ■■ n -,v.
The d ifferen ces  in  Mechanical e f f ic ie n c y  between 1- and ^ l e g  
cyc lin g  and between 1 -leg  c y c l in g  performed w ith the patien ts  injured 
and uninjured leg  cannot be accounted fo r  in terms o f  the pattern o f  
force  ap p lica tion  as cha rac te rised  by mean peak force  o r the proportions 
con tribu tion  o f  the le g  e xten s ion  and f le x io n  phases o f  the cycling 
ac tion .
At high work loads th e re  is  a grea te r  va r ia tion  in  crank 
ro ta tion  speed in 1- and 3 - le g  exerc ise  and th is  may contribute to  
the d iffe r en c es  in e f f ic ie n c y  between these two forms o f  exerc ise . 
However, a  simpler exp lana tion  based on an increase in the postural 
component o f  one-leg work cannot be d iscounted, and th is  could also 
account fo r  the d ifferen ce  between one—le g  exerc ise  performed by the 
pationts in ju re ! and un in jured le g s . Further evidence is  needed on 
th is  p o in t.
I
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The development o f  the an th ro  pome t r i e  techniques described in 
Chapter 2 enabled th e  degree o f  d isuse muscular atrophy to  be 
assessed in p a tien ts  in jured le g s  fo llo w in g  prolonged d isuse. In 
th is  chapter measurements are repo rted  o f  the p hys io log ica l responses 
to  1 and 2—le g  e x e r c i ie  combined w ith  anthropometric estim ates o f  
muscular a trophy. Some o f  the data  is  included in  d eta iled  form in  
Appendix 2 (D av ies  and Sargeant 1975b) and re feren ce  w i l l  be made to  
th is  to  avo id  unnecessary r e p e t i t io n .
The p a tien ts  examined were 25 young servicemen who had su ffe red  
fractu re  o f  one le g  as a consequence o f  which they had had that le g  
immobilised in  a p la s te r  cast f o r  a  mean period o f  105 days (range 
32-205). They were seen on average 50 days a f t e r  the p la s te r  cast was 
removed and 18 days a f t e r  a r r iv in g  at a r e s id e n t ia l reh a b ilita t io n  
u n it .  They could a l l  pedal a b ic y c le  ergometer a t leas t during sub- 
maximal e xe rc ise  without d iscom fort o r  pain at the time o f  the measure­
ments. Data was a ls o  c o lle c te d  f o r  comparative purposes on 9 normal 
sub jects . The phyeioa l c h a ra c te r is t ic s  o f  both groups are g iven  in 
Table 1 o f  Appendix 2.
C a rd io resp ira to ry  and anthropom etric measurements were made 
using the methods a lready d escr ibed  in  d e ta i l  in  Chapters 2 and 3*
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The response a to  submaximal e x e rc is e  are summarised in  Table 
2 o f  A pi« a U l  2 . H-an and standard d ev ia t ion s  are given o f  the values, 
(p red ic ted  f r o «  lin ea r re g re ss io n ) fo r  pulmonary v en t ila t io n  ($ B)
t  la  i/nwri (V t 1 t id a l v o ’.lime at a
îj ,  o f  30 l/min (V^ ^ )|  oxygen uptake ($ 0^ ) at a work load o f  45° 
kpm/min fo r  1 - leg  work (V02 ^ Q)  » nd 900 kpm/min fo r  2 - le g  work 
( ♦ ° 2 900) l  cardiac frequency ( f g )  at a $ 0 ,  o f  1 » )  l/ » in  ( f  H 1<s) ;  
and V02 at a f H o f  175 beats/min f o r  1 - le g  work ($02 and 195
beats/min fo r  2 -leg  work ($02 ^ ^ ) .
Pulmonary ven tila tion  at a g iv en  <X>2 output (V£ was
almost id en tio a l in  1 -leg  e x e rc is e  performed by the p a tien ts  with 
th e ir  in jured and uninjured le g s  (5 0 .5  ♦  7 .2  and 50«î> ♦ 9 .0  l/min 
r e sp e c t iv e ly ) and not s i p i i f l c a n t ly  d i f f e r e n t  to  that o f  normal 
subjects exe rc is in g  with th e ir  r ig h t  and l e f t  legs (46*9 ♦  4*1 and 
47*9 ♦ 3.8 l/m in ). Neither was th ere  a s ign ific a n t d iffe r en c e  in 
V j  ^  ^ between patients and normals perform ing 2 -leg  e xe rc ise  
(44.6  ♦ 4 .8  and 42.6  ♦  7.1 l/ m in ). VT at a given v en t ila t io n  
(VT y j )  was s i0 i i f ic a n t ly  sm a lle r (P  <  0.001) in  patien ts  compared 
with normals in  both 1 and & -leg  e x e rc is e ,  although there was no 
d iffe ren ce  between injured and un in jured  le g  exerc ise  performed by 
patien ts o r between righ t o r l e f t  le g  exerc ise  in the normal sub jects .
In both patients and n o rsa l su b jects  i t  was found th a t there 
was a s ig n ific a n t increase in  th e  oxygen oost o f  perform ing one 
oompared with two leg  work. T h is  observa tion  is  in agree*' - 
previous studies in normal su b jec ts  ( Duner 1959» Freyschuss and 
Strandel 1 1968, Pemow and B a lt in  1971, Davies and Bar grant 1974a ) .
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However, in  add ition  i t  was found that there wao a s ig n if ic a n t ly  
higher (P <  0 .0 01 ) oxygen cost o f  performing on e-lo g  work with the 
patients in ju red  compared with uninjured legs. Hence oxygen uptake 
at a given work load o f 450 kpm/min ( f 0 2 45Q)  was 1 .40  + 0.11 l/min 
compared with 1.^1 + 0.11 l/min in  the uninjured and in jured legs 
re sp e c t iv e ly . The possible reasons fo r  these observed  d ifferen ces  
in  mechanical e ff ic ie n cy  have been examined and d iscussed  in Chapter 
3 o f  th is  th e s is .
When the patients performed two leg e xerc ise  th e  cardiac fr e ­
quency fo r  a given  oxygen uptake ( f y   ^ ,.) was s ig n i f ic a n t ly  higher 
( P <  0.01) than in a group o f  normal subjects (140 ♦  18 c f .  121 + 12 
beats/min resp ect ive  ljr ) .
That there is  an increase in  cardiac frequency fo r  a given oxygen 
uptake in  submaximal exerc ise  fo llo w in g  im m ob iliza tion  or simply 
reduced a o t iv i t y  le ve ls  is  w e ll recognised (see  e . g .  S a lt in  e t a l 
1968, Xstrand and Rodahl 1970). I t  is  not however c le a r  how these 
changes in  c ircu la tory  responses are mediated: one suggestion has been 
that they are  brought about by the e ffe c t  o f  reduced a c t iv it y  on the 
myocardium, (S a lt in  et a l 1968 ) .  I t  was in te re s t in g  there fo re  to find 
that when the patients performed one-leg c y c lin g  f H 1  ^ was s ign i­
f ic a n t ly  h igher ( P <0.001) in  exe rc ise  with the in ju re d  as compared 
with the uninjured leg  (153 ♦ 19 and 142 ♦ 15 beats/min resp ect ive ly ) 
since both lego  are dependent on the same c en tra l card iovascular system, 
fu rther examination o f  the card iovascular response was therefore under­
taken and th is  is  presented in  the next section  o f  th is  chapter.
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Figure A ). Lactic  acid  (LA ) concentration in  the blood in re la t ion  
to  i o ? expressed in absolute (l/ m in ) and below th is  
r « l « l v .  <K «0 2 t . ™ .
Data is  given fo r  3 subjects perform ing 1 -leg  exercise 
with th e ir  injured ( o - ---- o )  and uninjured (# - • )  le g * «
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ly  (P  <  0.001) d i f f e r e n t
.
stroke volume must have been sm aller in  exerc ise  w ith  th e  in jured 
le g  and there i s  Indeed a cons isten t trend so th a t th e  mean SV  ^ ^
■ I 1 I ■ I ! J * • ' r .  * 1 ) m i m * ta a t a j a r  I
However due to  the variance o f  the card iac output d a ta  and the small 
numbers invo lved  th is  ju st f a i l s  to  reach con ven tion a l le v e ls  o f  
s ign ific a n ce  ( ir. fa c t • t • * ? ,M i  wi ! h .!
P > 0 . 1 0 < 0 .O5 ) .
Oxygen uptake o f  1.5 l/min represen ts 68 and 59£ o f  the
to t a l  ___ o f  the in jured and uninjured legs r e s p e c t iv e ly .  I f
oard iac  frequency is  p red icted  in stead  at a $0^ e q u iv a le n t  to  6*flC 
in  each le g  65> the d iffe r en c es  observed between th e  legs
d isappear. Hence fjj ^  is  148 ♦ 9 end 148 ♦ 11 beats/m in  reepeo— 
t i v e ly  in  the in ju red  and uninjured le g s .
This fin d in g  is  comparable to  S a lt in  e t a l ' s  (1 9 6 8 ) observa­
t io n  o f  an increase in  submax imal card iac frequency response to 
» - l e g  exe rc ise  fo llo w in g  bed r e s t .  These la t t e r  au th o rs  a lso  found 
that expressing ♦Og in  r e la t iv e  terms ( i . e .  % V0? )  removed the
s ig n ific a n t d iffe r en c es  they observed but went on t o  suggest as a 
poss ib le  major fa c to r  changes in the myocardium. T h is  however 
cannot be a fa c to r  in  the present study where both le g s  are dependent 
upon the same myocardium} ra th er i t  is  peripheral fa c to r s  which are 
im p lioated  s ines the d iffe r en c es  appear to  a c c u ra te ly  r e f l e c t  the
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;tresu imposed lo g «  A s im ila r  u j m i r i n l
rcspona«' re la ted  to  "p er iph e ra l s tre s s "  has re c e n t ly  been noted by 
S a lt in  e t  a l (1976) fo llo w in g  one le g  tr a in in g  and by S a lt in  and 
Landin (1975) in  hem iparetic  p a tien ts .
I t  must be adm itted however that there i s  no evidence o f  a 
causal lin k  between r e la t iv e  work load and f y .  I t  may be that the 
d iffe r en c es  found in  the la t t e r  merely r e f l e c t  impairment, re su lt in g  
from imm obilisation, in  the contro l o f  the capacitance ves se ls , th is  
impairment being co in c id e n ta lly  re la ted  to  the magnitude o f  the 
reduction  in  function  in  the in jured limb.
However although no supine exerc ise  was undertaken in  th is  
study, S a lt in  e t a l  (1968) found that the changes in  c ircu la to ry  
adaptation to  e xerc ise  fo llo w in g  bed re s t were s im ila r  in both upright 
and supine exe rc ise . The la t t e r  type o f e xe rc ise  f a c i l i t a t e s  venous 
retu rn  by reducing perip h era l poo ling and i t  i s  suggested that the 
pers is tence  o f  the c ir c u la to r y  d iffe ren ces  in  S a lt in ’ * bed re st 
patien ts  ( in  contrast to  patien ts  with c en tra l nervous system damage 
r e su lt in g  in  postural hypotension) ru les  out the impairment o f  contro l 
o f  the capacitance v es se ls  as a major fa c to r  although i t  may be con­
tr ib u to ry
Studies o f  indocyanine green clearance in  re la t io n  to  heart 
ra te  (Rowell e t a l 1964, Clausen et a l  1973) in d ioa te  a common neural 
m otivation  governing increase in heart ra te  and re in fo rc ed  vaso­
c on s tr ic t io n  in  n on-active  tissues  (Row ell 1974)» In the tra in in g  
study o f  Clausen e t  a l  (1973) i t  is  suggested that there i s  a reduc­
t io n  in  th is  neural a c t i v i t y  when tra ined  muscle is  used fo r  exe rc ise .
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and as with the data presented in th is  chapter and in  accord with 
S a lt in 's  data, th is  reduction is  re la ted  to  the r e la t iv e  s tress .
Thus i t  appears that the card iovascular response to  submaximal 
exerc ise  »a y  be s ig n ific a n t ly  in fluenced by feedback,which is  pro­
portional to the r e la t iv e  s tress  involved,emanating f r o «  the ac tiv e  
■uscle (e .g .  Coote e t a l 1971« McCloskey and M itch e ll, 1972). How­
ever, i t  »a y  equally be that th is  contro l is  due to  iapulses a r is in g  
c en tra lly  (see  e .g .  Pblkow and N->il 1971, Freyschuss 1970) possibly 
re la ted  to  the degree o f  c o r t io a l a c t iv i t y  necessary to  p e r fo r »  a 
given  work load with atrophied and normal muscle. Mo d e f in ite  con­
clusions can be drawn regarding these p o s s ib i l i t ie s  f r o »  the present 
data.
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I t  wets poss ib le  to  obtain s a t is fa c to ry  m<asure*ents o f  maximal 
performance in on ly  f i f t e e n  out o f  the twenty-five p a t ie n ts  studied 
during U l « |  t U N i M i  To achieve even th is N f l l V l l  considerable 
patience, encouragement and care fu l explanation o f  the purpose o f 
the testa  i r  o rder to  e l i o i t  the p a t ie n t 's  cooperation . These resu lts  
sure summarised in  Table 3 o f  Appendix 2.
Maximal v en tila tio n  (Vg maX)  was consistently and s ig n if ic a n t ly  
h igher (P  <  0.001) in both 1- and 2 - le g  exercise perform ed  by the 
normal subjects compared wxth the p a tien ts . There wore however no 
s ign ific a n t d iffe r en c es  between the maJ[ achieved in  1 - le g  exercise 
with patients in jured  and uninjured le g s  or between th a t  achieved with 
normal su b jects ' r igh t and l e f t  le g s .
Maximal card iac frequency ( f ^  max)  was not s i g n i f i c a n t ly  d i f ­
feren t between the patients and normals in e ither 1— o r  2—le g  exercise 
although as p rev iou s ly  reported (pernow and Saltin  1971, Davies and 
Sargeant 1974*>) f H max was higher (  -  10 beats/min) in  2 - compared with 
1—le g  e xe rc ise .
The VO, M^ net o f  the in jured  and uninjured le g s  were smaller 
by 26^ C and 195^  re sp ec t ive ly  when compared with the r i g h t  and l e f t  
legs  o f  normal sub jects . However, these d ifferen ces  were re fle c ted  
by concomitant va r ia tion  in th# s is e  o f  leg  muscle (p lu s  bone) volume 
(L V ). Thus fo r  a given LV there were no s ign ific an t d iffe r e n c e s  in 
the 1 -leg  $02 o f  the patients in ju red  or uninjured le g s  or normal 
subjects r igh t o r l e f t  legs (F igu re  21) and nearly  a l l  data points 
f a l l  w ith in the yyf, confidence l im it s  o f  the re la t io n s h ip  previously
«•>
S
L V .  -  litres
Figure 21. R ela tionsh ip  o f  one—le g  maximal aerob ic power output 
( * 0 2 ( a j n e t ) to  le g  volume (LV -  muacle plus bone). 
Data poin ts are shown fo^  patien ts  uninjured legs  ( • ) }  
in jured le gs  (O ) j and normal subjects r igh t and l e f t  
legs  ( A ) .  The shaded area represents the 9 con­
fidence lim its  o f  the re la t ion s h ip  prev ious ly  found 
fo r  normal sub jects (D av ies  and Sargoant 1974*. b ) .
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An important fa c to r  a f fe c t in g  the m otivation  and hence 
successfu l r e h a b ilita t io n  o f  limb in ju ry p a tien ts  i s  how they 
p erce ive  th e ir  own le v e l  o f  e x e rt ion . Using a numerical ra tin g  
sca le  (Bore 1962, Eorg and Llnderholm 1967, Skinner e t al 1lX‘9,
Borg 1970, Bar-Or et a l  1972) I  sought to qu an tify  the le v e l o f 
perce ived  exertion  during the 1- and 2 -leg  e xe rc ise  te s ts  performed 
by the patien ts and normal sub jects . The sca le  used (Borg 1970) 
g iv e s  values from 6 — 20 each odd number on the sca le  chart being 
accompanied by a b r ie f  verba l d escription  as g iven  below:
6
7 very  very ligh t
8
9 v e ry  l ig h t
10
11 f a i r l y  l igh t
12
13 somewhat hard
14
19 hard
16
17 very  hard
18
19 very  very hard
20
Subjects were shown the chart a t the end o f  each work load and asked 
to  in d icate  a number on the sca le  corresponding to  the degree o f 
e xertion  perceived.
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Tabl# 6. Relationship of jr (Dependent variable) to RPE (x ) in patients performing 2-l#g and 1-leg exercise with * 
injured (in j) and uninjured (uninj) legs and normal subjects performing 2- or 1-leg exercise. Signifies.- 
M M  between regressions are shown for 2 leg exercise -  patients vs. normals (A) and 1-leg exercise
normals vs. uninjured (B)g normals vs. injured (C); injured vs. Mlajsts I (l>).
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Figure 23. Th« r « la tion sh ip  in  one—le g  exerc ise  o f  work load (Ô) 
Minuta v en tila tio n  ( t ^ ) ,  card lac frequency ( f ^ )  and 
oxygen uptake (^0? )  to  ra t«d  perceived  exer*ion  (RFC). 
Régression U m i  are ( i w n  fo r  e x e r c i« «  in vo l v in «  th « 
patienta in jured ( . . . )  and uninjurcd ( - - - )  legs  and 
fo r  th« one—le g  exerc ise  perfomtcd bjr th « nornal con— 
t r o l  eubjecta ( — )
i 
I 
?
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F igu re  ?4m The relstic.-ichio In one-leg eu  r c is e  o f  re la t ive  work
load ( j t  $0u ___ ) to  rated perceived exertion .
Regression lin es  sre given fo r  th « exerc ise  in vo lv in g
patien t« In jured ( - • —)  end uninjured ( -  -  - )  legs  
fo r  the one le g  exerc ise  performed by the noneal 
;rol subjects ( ■ ) .
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U tiM M k ly  la  tlM p t t l t u t *  t " tw .  n $0^ |T1_,
’
and tw o-leg exerc ise  la  shown In Figure ?%
In in te rp ret in g  these find ings i t  should be remembered 
that the numerical sca le  fo r  ra tin g  perce ived  exertion  (RPE) 
developed and va lid a ted  by Borg and h is  co-workers was s tru ctu red  
to  g ive  a lin ea r  response o f RPE w ith heart ra te  during e x e rc is e  
performed on a s ta tion a ry  b icyc le  er, v e r ,  th ere
are d ifferen ces  in  the heart ra te  response to  exerc ise  due f o r  
example to  age (Borg and L inderhols, 1‘> > ,); w r t ia B M t a )  cond itions  
(Skinner e t a l  1973)I tra in in g  (kkblom and Goldberg 1971)| i l ln e s s  
(Borg and Linderholm 1970, Sanne, 1973), or the s ise  o f  the muscle 
mass u t il is e d  in  e xerc ise  (Sergeant and Davies 1973) then s i g n i f i ­
cant d ifferen ces  in  the RPE/fH re la t ion sh ip  become apparent between 
groups.
The heart ra te  response as ind icated  by maximal le v e l s  atta ined  
and/or submaximal le v e ls  fo r  a given  oxygen intake has been shown to  
d i f f e r  in  one compared with two le g  e xerc ise  and in one l e g  exerc ise  
in vo lv in g  patien ts in jured and uninjured compared with normal subjects
r igh t or l e f t  le g s . I t  was not th ere fo re  surpris ing th a t in  the 
present study c lea r  d ifferen ces  were ind icated  in the RPE/fH r e la t io n ,  
ship between these groups and types o f  exe rc ise , although a l in ea r
re la tion sh ip  was maintained (Tabic t  -  Figure | ))a
I t  was prev ious ly  shown (Sargeant and Davies 1973) th a t under 
dynamic exerc ise  conditions in**olving d iffe r e n t  muscle masses such 
d ifferen ces  could be --e solved by r e la t in g  RPE to  the r e l a t i v e  work
V
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VOj „  jgiprcdtctadi -1 Hr*» / min.
F igure 25. The r e la t io n s h ip  or observed $02 to  VOg
predicted at RPEgQ ($0g R2Q) «  Th« regression  lin e  
shorn is  from Sargcant and Davies (1973). where 
, . 0*264 ♦  0 .9 29  *02
Data poin ts  are given fo r i 1 - le g  exerc ise  performed 
toy normals sub jects (o )  and by the patien ts with
th. i r  in ju r e d  (A ) and u n in ju r e d  ( • )  le g s j and fo r  
2- le g  e xe rc ise  by the normal sub jects  (■ )  and 
patients ( » ) .
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The present data extended that work and confirmed that in  patien ts  
who had su ffered  a lo ss  o f  function in  one le t; due to  im m obilisation 
fo llo w in g  lraoiun.-, the perception o f  exe rt ion  was accu ra te ly  re­
la ted  to  the new reduced functiona l l e v e l  so that RPE f o r  a given 
r e la t iv e  work load remained the same in  1- l e g  exerc ise  in  e ith e r  leg  
o f  the patien ts o r normals (F igu re  2 4 ).  This im plies that the 
accurate perception  o f  exertion  is  not dependent on long term memory 
and experience o f  exerc ise  s itu a tio n s  s ince  the patien ts  had not 
p rev ious ly  exerc ised  at maximal le v e ls  with th e ir  in jured  le gs  and
I ! y .
Furthermore, i f  the lim ita tio n  to  maximal one le g  e xerc ise  i s  p eri­
pheral ra ther than c en tra l,  the present data may be in te rp reted  as 
in d ica tin g  that the accurate p ercep tion  o f  exertion  is  predominantly 
dependent on feedback emanating from the a c tiv e  limb i t s e l f ,  such 
feedback being proportiona l to  the p h ys io lo g ica l s tress  imposed.
The re la t ion sh ip  o f  RPE/$02 a t submaximal exerc ise  le v e ls  
( < 8 0 M 0 2 i> m )  c«n  be umd to  estim ate  $02 in  these patien ts 
in  the same way as p rev ious ly  d eveloped  in  norm al'subjects (Sargeant 
and Davies 1973) (F igu re  25). Although even when co rrec tio n  is  
made fo r  the system atic underestim ation o f  $02 fiax a t toy the
ap p lica tion  o f  the appropriate re g re ss io n  equation, the method re­
mains a r e la t iv e ly  crude guide in  th e  in d iv idual case and wh ils t i t  
may prove a usefu l adjunct to  the th e rap is t in  ga in ing in s igh t into 
a patien ts c a p a b ility  and r e la t iv e  le v e l  o f  e xe rtion  in  a g iven  exer­
c ise  s itu a tion  i t  is  c le a r ly  a poor sub stitu te  fo r  the d ir e c t  measure­
ment o f  maximum oxygen in take.
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The present data confirms the a lig h t though s ig n i f ic a n t  
d iffe r en c es  p rev iou s ly  noted (Sargcant and Davies 1973) between one 
and two le g  e xe rc ise  in  the IPE/i$(V, re la tion sh ip  in  both patien ts
and normal sub jects  (Tab le 2 ).  I t  seems reac u latc
that th is  may re s u lt  from the fa c t that wh ils t in  one—le g  exe rc ise  
the lim ita t io n s  to  maximal performance are la rg e ly  p e r ip h e ra l,  in  
tw o -leg  e x e rc is e , where there is  norm ally a c lose  in te g ra t io n  o f  
the component parts o f  the oxygen transporting system, th ere  may 
be a summation o f  inputs from a number o f  these component parts  
both p erip h era l and cen tra l w ith in creasin g  s tress  le ad in g  to  a 
r e la t i v e ly  e leva ted  sense o f  e x e r t io n . However, as b e fo re  the d i f ­
ferences  are s l ig h t  and re la ted  to  the slope o f  the re g re ss io n  lin es  
so that they in te rs e c t  at — RPE 15 and even when e c trap o la ted  to  
RPBgo thc indicated  i s  on ly  — 10jt.
In  conclusion  i t  should be noted that the p a tien ts  s tud ied  
although s t i l l  s u f fe r in g  a loss  o f  function  as a re s u lt  o f  fra c tu re  
and imsK>bilisation were fu l ly  m ob ile, had good union a t the fractu re  
s i t e  and were ab le  t o  pedal a b ic y c le  ergomoter up t o  maximal le v e ls  
withou* pain . However, in  patien ts  who are anxious rega rd in g  th e ir  
e xerc ise  c a p a b ility ,  fo llo w in g  fo r  example myocardial in fa rc t io n  
(s ee  fo r  example Sanne 1973) the re la t ion sh ip  o f  llPE/;Ctfo? may be 
considerably  m od ified  depending on the le v e l o f  an x ie ty , amount o f 
reassurance or therapy rece ived , e t c .  Such m od ifica tion  o f  the HPE 
response may in  i t s e l f  prove to  be a usefu l to o l in  as sess in g  the 
current le v e l  o f  an x ie ty  regard ing functiona l c a p a b il i ty .  Furthermore,
9r
the RPK scale adm inistered to  ind iv idual patients perform ing 
exerc ise  as part o f  th e ir  c l in ic a l  assessment may prove a usefu l 
key fo r  advising p a tien ts  on des irab le  exerc ise  le v e ls  when they 
re tu rn  to  a normal work/domestic rou tin e. A i m  are areas o f  p ra c ti­
ca l app lica tion  o f  the RPE scale which deserve further in ve s tig a tio n .
Chances in the P hysio log ica l 
Responses to  Exercise fo llo w ­
ing R eh ab ilita tion  therapy.
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In troduction
In  the previous chapter the e f f e c t s  o f  disuse muscular a t i  >phy 
on the p h ys io lo g ica l responses to  e xerc ise  were described  in  a group 
o f  patien ts  at the commencement o f  a r e s id e n t ia l course o^ r e h a b i l i t a ­
t io n  therapy. The course included exe rc ise s  s p e c i f ic a l ly  (but 
e m p ir ic a lly ) designed to  improve not on ly  the in ju red  limb fu n ction  
but a lso  general card iovascu la r f i tn e s s .  The present chapter d es c r ib e s  
and d iscusses the changes in  p hys io lo g ica l performance in  e igh t o f  
these patien ts  fo llo w in g  an average period  o f  seven weeks o f  th e ra p y . 
Th is  data is  compared w ith  the e f f e c t s  o f  a  tr a in in g  programme based 
on 1 -leg  exerc ise  undertaken by seven normal su b jec ts . Pu ll d e t a i l s  
o f  the patien t and normal data are included in  Appendices 3 and 4 
re sp e c t iv e ly  and re fe ren ce  w i l l  be made to  these where necessary.
The physical c h a ra c te r is t ic s  o f  the p a tien ts  are summarised in  
Table 1 o f  Appendix 3 and those o f  the normal su b jects  in Table 1 o f  
Appendix 4 . The methods used in  studying both the normal su b jec ts  and 
patien ts  are the same as p rev iou s ly  described  (Chapters 2# 3 anc* 4 ) .  
fra n r-s  In p h i lo lo g ic a l  resjjonses to submaximal exerc ise
The submaximal responses to  exe rc ise  have been ch a rac te rised  as  
in  Chapter 4 and the changes fo llo w in g  re h a b il i ta t io n  are summarised 
in  Table 2 o f  Appendix 3.
Follow ing therapy there were s ig n if ic a n t reductions (P  <  0.001
and P <  OtO)) in card iac  f N f H M )  ml a given  VC? ( f H 1 du ring
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1 - lee  exercise performed by the p a tien ts  with th e ir  in jured  and
-
exerc ise  there wan a s im ila r y e # N t iM  !■  fjj | «  ° r 6 buats/min 
fo llow in g  r e h a b ilita t io n  although th is  la t t e r  change was not 
s ta t is t ic a l ly  s ig n i f ic a n t .  Thus at the end o f  reh a b ilita t io n  
therapy cardiac frequency response in  the patien ts  approached 
th a t observed in normal sub jects (Table I I  o f  Appendix 2 ) .  These 
changes were r e f le c te d  in s ig n ific a n t increases (P  <  0.001) in 
♦o2 predicted at a g iven  card iac  frequency ($ 0 2 in  exerc ise
with each le g  (+0.49 l/m in ).
At the commencement o f  therapy fa>2 fo r  g iv in  work output o f 
450 kpm/min ( f© 2 ^ Q) was h igher in e xerc ise  with the in jured 
than the uninjured le g  ( r e s p e c t iv e ly  1.50 ♦  0 .1? and 1.37 ♦ 0.09 
l^ i ln  i P < 0 .0 0 1 ). The e f f e c t  o f  r e h a b ilita t io n  was to  reduce the 
oxygon cost o f  work with e ith e r  le g  producing a email r is e  in  
mechanical e f f ic ie n c y ,  (F igu re  1 o f  Appendix 3 )»  In contrast 
the mechanical e ff ic ie n c y  o f  tw o -leg  work was una ffected  by re­
h ab ilita tio n  and throughout the in ves tig a tio n  was c lo s e ly  in accord 
with previous re su lts  found fo r  normal hea lthy sub jects (D avies and 
Sergeant 1974b). The d iffe r en c es  between 1 -leg  work in  both patien ts  
and normals has a lready been discussed in d e t a i l  in Chapter 3. However 
the present observation  o f  an increase in mechanical e f f ic ie n c y  in 1 -leg  
exerc ise  fo llo w in g  tr a in in g  adds a new aspect to  the problem. I t  could 
be argued that the e f f e c t  o f  tr a in in g  may be to  reduoe the s tra in  on
th e  body during 1-leg c y c lin g  lead ing to  a reduction  in  the postural
. . . .
However in  the present study meaeurement o f  mechanical e ff ic ie n c y  
has been mado from a baseline o f  sero load, and although i t  is  true 
th a t there aay be add itiona l postural cost a t maximal le v e ls  o f  
e x e rc is e  (see  Davies and Sargcant 1974b ) i t  i s  d i f f i c u l t  to  see 
why there should be an increase at the submoximal le v e ls  o f  work 
as  noted in  th is  and other in ves tiga tion s  (Chapter 3 ).
A wore convincing argument may be found in  the p o s s ib i l i t y  o f  
changes in  the metabolic cost o f  producing tension  re la ted  to  the 
optimum number and type o f  muscle f ib re s . The maxima' 
duced by muscle f ib res  is  re la ted  to th e ir  c ross -sec tion a l area and 
s in ce  th is  is  reduced in atrophied muscle (Chapter 2) more f ib r e s  may 
have to  be recru ited  to  produce a given tension  when compared with a 
•normal' muscle. The e f fe c t  o f  tra in in g  in  these patiento  i s  to  reverse 
th e  atrophy i . e .  increase the cross sec tion a l area o f  the muscle f ib re s ,  
and hence reduce the number o f  fib re s  that i t  is  necessary to  recru it 
t o  produce a given tension . The reduction in  the number o f  f ib re s  
n ec e ss a r ily  recru ited  may in  i t s e l f  lead to  a reduction in  the meta­
b o l ic  cost o f  the work as suggested in another context by Abbott,
B ig land  and R itchie (1952), However i f  th is  were the on ly  fac to r 
i t  might be expected that tra in in g  in normal sub jects would resu lt 
in  improved mechanical e f f ic ie n c y  o f  tw o-leg  c y c lin g , but there 
i s  mo evidence to  suggest that i t  does (s ee  e . g .  1 s trand and 
Rodahl, 1970 fo r  a general re v iew ). A s l ig h t ly  more elaborate 
exp lanation  may be that due to  the atrophy o f  the fib re s  which would
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norm ally be- recru ited  a t a «riven tendon o th er fib re s  o f  d i f fe r e n t
,
Larson and Davies 1970) are n ecessarily  re c ru ite d  which operate 
a t a lower metshel l
Chan res  in p». i >' ! r p. n-> h to n.-miiral . h t c id c
The changes in reoponse to  maximal exe rc ise  fo llow ing r e h a b i l i ­
ta t io n  in  the p a tien ts , and train ing in the normal subjects, are 
summarised in Table 3 (Appendix 3) end Table 2 (Appendix 4 ) r e a p e r  
l i v e l y .
The e ffe c t  o f  reh a b ilita t io n  was to  increase the V0„2 max
ach ieved in exercise w ith  the injured and uninjured legs o f the 
patxents by 17£ and 9% re sp e c t iv e ly , thus ab o lish in g  the s ig n if ic a n t  
d iffe r en c e  found between them at the s ta r t o f  therapy. At the same 
tim e there wan in both the patients in jured and uninjured legs  an 
increase in leg  muscle (plus bone) volume (L V ).  However, w h ils t in  
the in jured legs the la t t e r  changes tended to  be proportional to  
the increase in net $02 , in the uninjured le g  there was propor­
t io n a l ly  a greater increase  in the l o 2 ___compared with LV, and in
norstal subjects undergoing a tra in ing programme o f  1-leg exe rc ise  
th ere  was v ir tu a lly  no change in LV but a h igh ly  s ign ifican t in crea se  
in  *0 2 mmx (Figure 2 6 ).  Thus i t  nay be hypothesised that in the 
p a tien ts  injured le g  th ere  is  a close a s soc ia tion  between aero b ic  
p o ten t ia l and the s ise  o f  the active  muscle mass, whereas in normal 
sub jects  where the LV i s  a lready 'optim al* any increase o f  a e ro b ic  
p o ten t ia l occurs independently o f  musele s is e  being dependent upon
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represents- some in term ediate stage between these two con trastin g  
extrem es.
The improvement in  1—le g  V02 Rajt fo l lo w in g  tra in in g  in  the
•
Th is  was an inverse re la t ion s h ip  so that those cases w ith the h ighest 
*0 2 (standardised fo r  LV) showed the le a s t  improvement (F igu re  2
o f  Appendix 4 ) .  A s im ila r  re la t ion sh ip  was demonstrated in  the case 
o f  the patients uninjured and in jured legs  fo llo w in g  reh a b ilita t io n  
although a l l  o f  the data poin ts except one were d isp laced  to  the l e f t  
o f  the regression  lin e  fo r  normal sub jects (F igu re  2 o f  Appendix 3 ) ,
That the patien ts show somewhat sm aller improvements than the normal 
su b jec ts  over a s im ila r period  o f  time may have been due to  the less  
s p e c i f io  natvue o f  the re h a b ilita t io n  therapy compared w ith 1- l e g  
t r a in in g  since the r e h a b ilita t io n  programme included elements to  improve 
a l l  aspects o f  general f i tn e s s .  Notw ithstanding the d iffe r en c e  in 
absolu te  le v e l  between patien ts  and normal su b jects  the inverse nature 
o f  the re la tion sh ip  between improvement and in i t i a l  le v e l  is  w e ll 
recogn ised , (s ee  Ekblom 1969)» I t  is  presumably due to  a progressive 
redu ction  in  the margin o f  possib le  improvement the h igher the in i t ia l  
l e v e l  becomes.
The sum o f  the increases in net $02 o f  the patien ts  legs
measured independently are approxim ately equal to  the increase o f 
0 .4  3 l/min found in the ? - le g  $02 ^ n e t . Th is  is  in marked contrast 
to  the s itu a tion  observed in  normal su b jects  undergoing o n e-leg  tr a in in g
• /v
1
10*>
where an »vc ra i* ■- Oo^ , iigYnet • !
le g  measured Independently was not r e f le c te d  in  the 2—le g  VO  ^
which on ly increased by 0.14 l/min (Tab le 8 ) .
I t  oould be argued that the present find in gs  in normal su b jec ts  
fo llo w in g  1—le g  tr a in in g  support the view that whereas in  one—le g  
exerc ise  the l im it in g  fa c to r  to  maximal performance is  p eripheral 
( i . e .  re la ted  to  the s ta te  o f  the exe rc is in g  muucle)in 2- l e g  e x e rc is e  
i t  is  more l i k e l y  to  be c en tra l (c a rd io va scu la r ).  Thus 1—le g  tr a in in g  
increased the aerob ic  p o ten t ia l o f  rnch la g  by 14)6 (P  <  0.001) but no 
s ig n ific a n t improvement was e l i c i t e d  in  cen tra l card iovascular 
fu n ction . The body was th e re fo re  unable to  take fu l l  advantage o f  
th is  increased p o ten t ia l in  2- l e g  exerc ise  where the l im it in g  fa c to r  
may be card iac output. Hence the improvement in  a -1« «  * ° 2 —
only 4 .7 )t and not s t a t i s t i c a l l y  s ig n i f ic a n t .
These fin d in gs  in  normal sub jects were s im ila r  to  those rep o rted  
by O leser (1973) but a t variance w ith a recent study by Sal t in  e t  a l  
(1976 ). These la t t e r  authors showed a s ig n ific a n t increase in  tw o- 
le g  $02 in  groups o f  sub jects  fo llo w in g  d iffe r e n t  one le g  t r a in in g  
programmes although in , fo r  example, the group showing the most 
s tr ik in g  increase in  one le g  $02 o f O.58  l/min (24^) the improve­
ment in  two le g  V02 is  on ly  0.34 l/min (11)1). C lea rly  not a l l  o f  
the increase in  aerob ic  p o ten t ia l o f  the muscle is  being u t i l i s e d  in  
two le g  work. Furthermore the improvement o f  one le g  V02 majt shown 
as a re su lt o f  endurance tr a in in g  by Salt in  e t  a l is  o f  a g re a te r  
magnitude than in  the present o r Q le se r 's  stud ies and th is  may r e f l e c t
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litr e s / » in u te
In c r e a s e  in
Uninjured or 
Right leg  
V02 „ . n e t
Increase in  
In jured or 
U f t  le g
V0„ net
Combined
in aerobic 
poten tia l
Increase 
in  2 -leg  
V02 aa* net
P a t ie n t s 0 . 1? " " 0 . 29* * » 0.46 o f .  0.43-
Nomala 0 .3 9 * * 0 .2 9 * * 0 .6 8  c f .  0 .1 4 r
Table 8 . Changes in  1 -leg  and 2 - le g  V0? ^ ^ n e t re su lt in g  fr o «  
re h a b ilita t io n  in  patien ts  and tra in in g  in  nomai 
sub jects.
S ign ificance * * *  P <  0.001|
*  P <  0 .0 5  t
* *  P <  0.01 J n ot s i ^ i l f l o a n t
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u n o r «  u«- -• :■ ' r;ii■ ir i : . ( l a  Um i i • nt utu<ly the t o t a l•
where su b ject» may have trained fo r  up to  a maximum o f  1000 
m inutes per le g . )  I f  tra in ing o f one le g  is  s u f f ic ie n t ly  severe , 
b ea r in g  in  mind that i t  can achieve 70 to  80{C o f  two le g  fa>2 rn „ 
i t  w i l l  resu lt in tra in in g  o f  the cen tral cardiovascular system, 
which w i l l  be re fle c te d  in improvement o f  the i <>2 ^  achieved
in  2—le g  exorcise when cen tral factors  are in  fact lim it in g .
Despite these qu a lifica tion s  regarding the com parability o f  
S a lt  in  a t a l 's  and the present normal data the changes in p a tien ts  
1— and 2- le g  *)o2 appear to support the former rather than the 
l a t t e r .  Hence the combined increases in 1 -leg  $02 ^  are r e f le c te d  
b y  an almost exactly  equal r is e  in  the & -leg $02 |nM. The r e h a b il i ­
t a t io n  programme included however not on ly  exeroises designed to  
im prove injured limb function but a lso  the patients general card io ­
va s cu la r  condition. I t  seems l ik e ly  th ere fo re  that the c lose  asso­
c ia t io n  between the changes in 1-  and 2—le g  $02 ^  i r e  c o in c iden ta l 
r a th e r  than causal.
F in a lly , the e ffe c t  o f  the general cardiovascular f itn e s s  
a sp ec t o f  the reh ab ilita t ion  programme may be seen in the improvement 
o f  th e  ^ l e g  0o2 fo r  a given le g  voluiee (F igure 27 ). Thus at 
th e  end o f  reh ab ilita t ion  there le  no s i^ i i f ic a n t  d iffe ren ce  between 
th e  patien ts and a previous large sca le study o f  serv ice  personnel 
(D a v ie s  1972).
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One c r it ic is m  which could be ra ised against the an a lysis  o f  
the p a tien t uninjured and in jured le g  data aw presented in  th is  
th e s is  is  th a t i t  has been in terpreted  in  the l igh t o f  normal 
.
s ince in  none o f  the groups o f  normal subjects studied was a s ig ­
n i f ic a n t  d iffe r en c e  found between the r igh t and l e f t  le gs  e ith er  in 
terms o f  LV o f  to>2 -a x .
However, there i s  the p o s s ib i l i t y  that rea l d iffe r en c es  ex is t 
between the functiona l and structura l status o f  c on tra la te ra l limbs 
in  normal su b jec ts . In p articu la r i t  might be argued that habitual 
"p re fe r e n c e "  o f  one limb in  exerc ise  s itua tions  might resu lt in 
s ig n i f ic a n t  d iffe ren ces  occurring in these parameters and that th is  
e f f e c t  might have been obscured by merely comparing r igh t and le f t  
le g s  and a ls o  by the r e la t iv e ly  small numbers invo lved .
I  have th ere fo re  oo llec ted  together a l l  a va ila b le  normal 
sub jec t data where limb volume and 1-lim b  $02 determ inations 
have been made fo r  both lege and in some cases both arms. This data 
I  have analysed in order to  examine the possible v a r ia tio n  in  limb 
s ise  and function  associated with habitual "p re fe ren ce " o f  one limb 
in  e x e rc is e  s itu a tion s .
.*ge W i  29 years j weight ] ) , )  kg; and height 1 '( .9 <m. In. : 
in th is  an a lysis  was dependent upon them being ab le to  id e n t ify  
th t l r  "p re fe rred " l ia b .  This present.. m s  o f
aras but soae subjects found i t  d i f f i c u l t  to  id e n t i fy  a p referred  
le g .  Subjects were there fo re  only included in the ana lysis  i f  they 
c on s is ten tly  id en t if ie d  one le g  an being (a )  the strongest| (b )  the 
preferred  le g  fo r  k ick ing and ( c )  the le g  that was used to  "take o f f "  
f Is a  when jumping or hopping. Subjects who gave mixed responses to 
these questions or who had no id e n t i f ia b le  preference in  a given 
s itu a tion  were not included in the an a lys is . Thus the data presented 
aay represent the la rg er  d iffe ren ces  found w ith in  the normal popula­
tio n , e sp ec ia lly  in  re la t io n  to  the le g s , since soae subjects are 
unable to  id en tify  a p referred  le g  o r  have soae a ix tu re  o f  preference 
depending on the a c t iv i t y .
None o f  the subjects included in  the an a lysis  took a 'pro­
fes s io n a lly *  in tensive  part in  sports l ik e ly  to  resu lt in  extreme 
asymmetrical development although lik e  most hea lthy ao t ive  males in 
th is  age group they a l l  had at soae time or s t i l l  d id play recrea tion a l 
fo o tb a ll and racquet games, hone 01 the subjects had any h isto ry  o f  
serious or recent limb in ju ry .
aiB-TECTf,
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Estimates o f  to ta l and muscle plus bone limb volume were 
made using anthropometric techniques (a f t e r  the methods o f  Jones 
and Pearson 1969)» Leg bone voluste was estimated from X-rays 
(Jones 197On).
One Limb ^
One le g  exerc ise  was performed as described in  Chapter 3 •
To b r ie f ly  summarise th is  involved ped a llin g  a f ix e d  wheel stationary 
b icyc le  ergometer with the ac tiv e  fo o t attached to  the pedal by means
• •
One arm exerc ise  was performed on a m odified b icyc le  ergometer 
(Monark) which had a crank constructed v e r t ic a l ly  above the flywheel 
at should«! h eight. Th« sadd; 1 was removed and was
replaced w ith  a seat incorporating a shoulder board and harness 
which allow ed the trunk and upper body to  be restra in ed  and remain 
s ta tiona ry , henoe confin ing the e xerc ise  to  the a c tiv e  arm. The 
pedals o f  the cranks were replaced with hand g rip s  (see  Davies and
flargeant 1974m)•
Maximum determinations o f  to^  in both one arm and one leg work 
were made at the end o f a progressive exerc ise  te s t  designed to span 
the sub ject*s  capacity , 
f r^ te r la  o f  maximal performance
I t  was not always possible in  progressive exerc ise  te s ts  using 
sms limb to  estab lish  the "0t>2 p la teau " c r ite r io n  fo r  l0 |  ___.
To overcome th is  d i f f i c u l t y  when i t  arose, d u p lica te  measurements
were made on separate occasions at d i f fe r e n t  supramaximal loads.
P u ll d e t a i ls  o f  the methods used in measuring the card io­
re sp ira to ry  response to maximal exerc ise  arm given  in Chapter 
Arm exe rc ise  measurements were made using the same methods as 
described f o r  o n e - l (g  e xe rc ise .
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Limb Volume nnd CoTrr'Qi'ition
( i )  L e ro : The to ta l  le g  volume o f  the p re fe rred  le g  (18  r ig h t
2 l e f t )  was on average 160 ml la r g e r  than the non-pre ferred  le g , 
and w h ils t th is  d iffe r en c e  ia  email (2j6) i t  ia  n evertheleaa con- 
a ia tcn t uo th a t i t  is  a t a t ia t le a l ly  s in g i f ic a n t  ( P <  C).01t Table 1 ). 
When c o r rec tio n  ia  made fo r  the f a t  con ten t o f  the lego  th ia  d ifferen ce  
ia  maintained and although the percentage d iffe ren ce  between the 
volume o f  fa t  in  the two lege ia  o f  the same magnitude (1 .6 ^ ) aa 
the to ta l  volume, i t  f a i l a  to  reach conventiona l le v e lo  o f  a ig n i f i -  
oance. Bone volume cetimated from X -raya a f t e r  the method o f  Jonea 
( 1970a) ahowa no meaaureable d iffe r e n c e  although i t  ia  in  any caoe 
on ly  a email p roportion  ( -  II^C) o f  th e  muscle plua bone volume.
Hence the d iffe r en c e  in  to ta l le g  volume can be la r g e ly  a ttr ib u ted  
to  d iffe r en c ea  in  the muacle component (T ab le  1 ).
( i i )  Armm Arm volume wao measured in  e leven  o f  the twenty sub­
je c t s  by adaptation  o f  the anthropom etric methods described  fo r  the 
legw by Jonea and Pearson ( 1969) .  In  th is  the arm measured in  the 
h o rison ta l extended pos ition  waa tr ea te d  as a s e r ie s  o f  truncated 
oonea d e fin ed  by circxmiferencea at ( i )  the minimum w r is t ,  (1 1 ) maximum 
forearm , ( i i i )  olecranon process a t the elbow, ( i v )  minimum upper arm 
below the b icepa , ( v )  mid upper arm, ( v i )  minimum upper arm 
the b iceps , ( v i i )  the angle o f  the a x i l l a .
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A correction  f o r  r » t  baned on skin fold  thinkncnoc«
Measured at the dorsa l and ven tra l forearm surfaces and the 
b iceps and tr icep s  was made using equations developed by Jones
(1970b ).
Correlation  between to ta l  arm volume measured in th is  way 
and by water displacement in nine subjects was ♦  0.97.1, there 
was no systematic b ias  shown by a paired t—te s t .  The re la t ion -  
ship  is  given by the equation!
Arm volume (w ater displacem ent) -
0 .19  ♦ 0.999 volume -  anthropometry); cv -  4$
The to ta l voluare o f  the non-preferred arm (2 .72  l i t r e s )  
was ** 5fll (P  <  0 .01 ) smaller in  comparison with the preferred  arm 
(2 .85  l i t r e s )  and as with the legs  th is  d iffe r en ce  was maintained 
when allowance was made fo r  subcutaneous fa t le a v in g  muscle plus 
bone volumes o f  2.15 and 2.30 l i t r e s  re sp ec t ive ly  (Table 9 ) «
Wo radiographic assessment was made o f bone s is e  in  the arm but 
assuming that th is  represents a f a i r l y  small and constant pro- 
port u n o f  the t o t a l  volume (s ee  e .g .  Cooper, Edhol m and Nottram, 
1953), as in  the le ga  ( i . e .  •* 1 l£ ) i t  can be seen that the d i f ­
ferences in to ta l  arm volumes must be la rg e ly  due to  d ifferen ces  
in  the volume o f  the muscle component.
Tabi* 9.• Volumes (estimated fro« anthropoa* try ) of th* to ta l leg, anisele plus ben*, fat, bone
(from X-ray), and auscl* in the preferred and noiwpre: erred limb* of healthy mala subjects, 
Th* difference ( djC ) i*  expressed as a percentage o: the preferred lir t .  Means ♦ SD 
are given.
TOLUKE -  Litres
total Muscle 
♦ Bone
Put Bone Muscle
LBG Preferred 8.75 7.47 1.28 0.80 6.66*0.92 ♦0.84 ♦0.29 ♦0.10 ♦0.76
(n -  20)
Soiw preferred 8.59 7.33 1.26 0.80 6.53
♦0.88 ♦0.82 ♦0.27 ♦0.10 ♦0.75
4 -1.8** -1.9* 0 -2.0*
Preferred 2.85 2.30 0.55 0.24* 2.06
asm ♦0.57 ♦0.43 ♦0.18
(m .  11) Morw preferred 2.72 2.15 0.56 0.24* 1.91
♦0.63 ♦0.47 ♦0.19
•4.6** -6.5** ♦1.8 0 -7 .3 -
Significance (paired *t* te s t)»  *• -  P <  0.01} * * P <  0,05
*  -  assuaed values -  see text
Maximal ox ..rc i. - i-onponr.-n
( i )  Lerai Maximal work (W^  )  and v en t ila t io n  (V^ wcre
s l i r » ‘ tLy Uw vr (1 . a::.I r * « f  Ctl l y )  !■  ftlM
compared w ith  the preferred l « g (  Hm m  U f f M M M I  are not hov*-
. . .  • ' !•'
the norw-preferred compared w ith  2.84 l/min in  the p re fe rred  l e g ,  
wab however s ign ific an t ( ! ’ <  0 .01) and th is  d if fe r e n c e  o f  «*» 4^ 1 
was maintained when expressed in  net terms ($ 0 2 o f  e xerc ise  minus 
the $02 o f  zero  load p- 4 - . f t N I  was no d i:
in  the maximal heart ra te s .
( i i )  Arm s t One arm I Ac w ith  the legs  W(nax and Vg were 
lower though not s ig n if ic a n t ly  so in  the n on -p re ferred  compared 
with the p referred  arm by 53 kpsi/min and 7 .4  l/min re s p e c t iv e ly  
( ’fab le  * > ) .  Also the absolu te and net fa>2 max showed a s im ila r  
d iffe r en c e  to  the legs o f  + 4iC in favour o f  the p re fe rred  arm.
This was not however s ta t i s t i c a l l y  s ig n i f ic a n t .  f H max i s  v ir tu a l ly  
id en tio a l in  both arms being 143 and 141 beats/min fo r  the p referred  
and n o n -p re fe r re d  arms re sp e c t iv e ly .
Tahle 10 Xaxmal work (W_^ w), ventilation (V^ m t), absolute and net oxygen intaka (fc^ pAX) and 
heart rate ( fH in the preferred and non-preferred leg# and area of healthy sale 
suljects (eean ♦ SD). The M f f M M  (d •() is expressed as a
link*
• « *E sax * ° 7 « , » , fH sax
kps/sin l/nin l/aiin './min beats/ni'.
LEG
(a -  15)
Preferred 1045 120.1 2.84 2.39 173
♦207 ♦19.9 ♦0.42 ♦0.37 ♦ 11
Non-preferred 10)2 114.3 2.74 2.29 173
♦ 181 ♦21.3 ♦0.39 ♦0.34 ♦ 11
* 1 .2 4.8 3.5** 4.2* 0
Preferred 263 51.8 1 .10 0.72 143
( T - 7)
♦58 ♦ 18.9 ♦0.32 ♦0.31 ♦24
Non-preferred 210 45.4 1 -J 0.69 141
«81 ♦18.5 v.39 ♦0.35 ♦ 22
20.0 14.0 4.5 4.2 1 U
Significance* •* P <  0.01j • P <  . **5
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DISCUSSION
In  th is  ana lysis  an examination has been made o f  the pos­
s ib le  varia tion  in  limb s ize  and function  associated w ith habitual 
"p re feren ce" o f one limb in S lSTSlS« s ltuatiO M a He cause o f  th is  
I  have been concerned only to  id e n t i fy  in  a pragmatic way the limb 
that i s  and has been h ab itu a lly  p re fe rred  by these young male sub­
je c ts  fo r  a number o f  years ( i . e .  d isregard ing anv ea r ly  pred is­
pos ition  which may have been overridden  by tra in in g ).
The resu lts  ind icate that the to t a l  volume o f  the non- 
p referred  le g  was s l ig h t ly  but s ig n if ic a n t ly  smaller when compared 
with the preferred  le g  and that most o f  th is  d ifferen ce  was a t t r i ­
butable to  ohangos in muscle volume. The arms show a more marked 
d iffe ren ce  between the to ta l volume o f  the preferred  and non- 
p referred  limbs as compared with the legs  representing 4.6^
( o f .  1.0J8 in  the le g s )  o f  the p referred  limb volume. When cor­
re c t io n  is  made fo r  the subcutaneous fa t oomponent which shows 
no s ign ific a n t d ifferen ce  between the arms and an assumed constant 
value fo r  bone the d iffe ren ce  in  the s ize  o f the muscle component 
i s  increased to  7.3^ ( o f .  5^ in  the le g s ) .
That the arms should show grea te r  d ifferen ces  than the legs 
is  not perhapn surpris ing when one considers that whereas the legs  are 
both used fa i r l y  continuously in walking, running e to .  a lb e it  with 
■ore emphasis on the p referred  le g  in  certain  s itu a tion s , (e .g .  
k ick ing, Jumping)the p referred  arm by contrast is  used alone fo r  
a much greater proportion o f  the time as in  racquet games, to o l 
handling, w r it in g  e to .
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COflCI J131QNS
1) W hilst the use o f  the one limb model to  study peripheral 
p h ys io lo g ica l phenomena i s  most a t tra c t iv e  enabling the contra­
la t e r a l  limb to be used as  a matched con tro l, care fu l measurements 
must be made o f the b aselin e  conditions o f both limbs, since c le a r ly  
i t  cannot be assumed even in  normal healthy subjeots that the limbs 
are s tru ctu ra lly  or fu n c t io n a lly  id en t ic a l.  However, provided 
these precautions are observed  and standardisation is  made fu. the 
s is e  o f  the e ffe c t iv e  muscle mass then the one limb modol can prove 
a potent and valuable t o o l  in  exerc ise  physiology.
2 ) The normal sub jects , in cluding as they did on ly ind iv iduals 
who oould consistently id e n t i f y  a p referred  le g , probably represent 
the la rg er  in te r- le g  d if fe r e n c e s  to  be found in the population. Even 
so, although s t a t is t ic a l ly  s i& iif ic a n t the d ifferen ces  in LV and
V °2 max are r e la t iv e ly  sm all in  comparison with those in the patient 
groups and do not m a te r ia lly  a f fe c t  the find ings o f  the present th es is .
3 ) The e ffe c t o f  limb p reference  needs to  be taken in to  account in 
assessing the s ign ific an ce  in patien ts o f  in te r-lim b  d ifferen ces  
found a t the end o f  treatm ent designed to  restore  limb structure
and function. Once re co very  i s  complete s ign ific a n t d ifferen ces  may 
s t i l l  be found as a r e s u lt  o f  the p reva ilin g  a c t iv i t y  patterns as
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The uime o f  th is  th esis  were to  study the e ffe c ts  o f  d isu se  
suscular atrophy on the p hys io log ica l responses to  e x e r c i s e .
The experimental model adopted f o r  th is  purpose was based on 
p a tien ts  who, fo llo w in g  prolonged im m obilization o f one l e g ,  showed 
atrophy o f  the sw edes  in that le g  and a loss o f fu n c t io n . The 
in ju red  le g  cou ld  thus he compared w ith  the uninjured l e g  which 
noted as a ’ normal' contro l w ith in  the sasie subject.
I t  was necessary to  e s tab lish  the comparability o f  one  and two 
le g  c y o lin g  as w e ll as on e-leg  c y c l in g  performed by th e  p a t ie n ts  with 
th e ir  in jured  and uninjured le g s .  T h is  was done by d e v e lo p in g  a 
system fo r  record in g  the force  a p p lied  to  the cranks o f  a  s ta t io n a ry  
ergom eter. The pattern o f  force  e x te r te d  in one le g  c y c l in g  performed 
by the patien ts  with th e ir  in ju red  le g s  was the same a s  w ith  the 
uninjured le g ,  thus ju s t ify in g  d ir e c t  comparison. In  e g  cyc lin g  
the patien ts  showed a d isp roportiona te  sharing o f t o t a l  work between 
the legs  but the actual pattern o f  fo r c e  remained the same in  both 
le g s  and the same as in  on e-leg  c y c l in g .
P h ys io lo g ica l responses to  subsukximal exercise in  th e  patien ts 
Ind ica te  that as with normal su b jeo ts  there was a s ig n i f i c a n t  inorsase 
in  the oxygen cost o f  perform ing a g iven  work load in  one compared with 
two lo g  e x e rc is e . However, in  a d d it io n  i t  was found th a t  there was 
a s ig n i f ic a n t ly  h igher oxygen cos t o f  performing one l e g  work with 
the patien ts  in jured compared w ith  th e ir  uninjured l e g s .  3ince no
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d iffe r en c es  between the legs  had been id e n t i f ie d  in  the pattern  o f  
fo r ce  ap p lica tio n  during 1- l e g  c y c l in g  i t  is  d i f f i c u l t  to  exp la in  
these v a r ia tio n s  in mechanical e f f ic ie n c y .  Cardiac frequency fo r  
a given  oxygen uptake (V02)  in  submaximal exerc ise  was a ls o  h igher 
in  the in ju red  compared with the uninjured le g  and th is  may have 
re f le c te d  the r e la t iv e ly  g rea te r  s tre s s  imposed on the in ju red  leg  
a t a given VOg.
Maximal aerob ic  power output (V0 2 was s ig n i f ic a n t ly
red oed in the in jured le g  and th is  was associated  w ith a concomitant 
decrease in  le g  (muscle plus bon. ) volume ( U ) .  Thus the r e la t io n ­
ship  between LV and V02 remained e s s e n t ia lly  the same in  one leg  
exero ise  whether i t  was performed w ith  the patien ts in ju red  or 
uninjured or normal subjects r ig h t  and l e f t  le g s . In  two le g  exercise 
the lo ss  o f  function  associated  w ith  a reduction in  muscle mass was 
oombined w ith  a fu rther d e te r io ra t io n  in  performance due to  general 
card iovascu la r d econd ition ing.
The e f f e o t  o f  r e h a b ilita t io n  was to  reverse  the changes in one 
and two le g  exe rc ise  performance and to  increase le g  volume. The 
find ings  in d ica te  that in  p a tie n ts  who have su ffe red  disuse atrophy 
o f  muscle in  one le g  the l im ita t io n  to  aerob ic  power output o f  that 
le g  may be the s ise  o f  the e f f e c t i v e  muscle mass. Hence recovery 
c f  aerob ic  function  is  c lo s e ly  assoc ia ted  with increase in le g  volume. 
In  fa c t the data suggests that th ere  are two phases o f  the recovery 
process: In  the f i r s t  phase Improvement o f  V02 maj[ and LV are
in terdependent. However, one.- an • .ptimum’ LV is  a tta in ed  any 
fu rther r is e  in  VC>2 max may be independent o f  the s ise  o f  the muscle
.■unele itB*-1f. This la t t e r  phase iu c le a r ly  shown in  normal 
subjects undergoing tra in in g  and is  suggested by the sstall changes.
In normal subjects increasing the $0 ,, o f  each le g  
separa te ly  by on e-leg  tra in in g  did not s ig n i f ic a n t ly  increase the 
V02 ___  achieved in two le g  exerc ise .
This observation was in terpreted  as supporting the view that 
in tw o-leg  exerc ise  which invo lves  a r e la t i v e ly  la rge  muscle mass 
the l im ita tio n  to  aerobic power output was most l ik e ly  imposed by 
cen tral (ca rd io vascu la r) fa c to rs  as suggested by Beveg&rd and 
Shepherd ( 196 ; ) .  In contrast the lim ita tio n  to  one le g  exercise 
was presumed to  be periph era l, that is  dependent upon the s ise  and 
in tr in s io  s ta te  o f  the a c t iv e  muscle mass (D av ies  and Sargeant 
1974», b ) .  However in the patients the combined improvement shown 
in the o n e-leg  $02 ___o f  the injured and uninjured le gs  was re­
f le c te d  in an equivalent r is e  in the $02 o f  two le g  exe rc ise .
This con trad ictory f in d in g  seems to  be exp lained  by the fac t 
that the r e h a b ilita t io n  programme undertaken by these patients 
included elements intended to  improve gen era l card iovascu la r fitn ess  
as w e ll as in jured leg  function. Thus i t  is  not perhaps surprising 
that simultaneous improvesMnts ocour in  both one and tw o-leg  exercise 
performance.
Therefore the data on th is  group o f  p a tien ts  cannot be in ter­
preted as supporting the view recen tly  re v iv ed  in  the l ite ra tu re  (see
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Jhirthonsore the two-leer VO fo r  a given LV in  at the end o f•  «? max r'
re h a b ilita t io n  not s ig n i f ic a n t ly  d iffe ren t when compared with normal 
sub jects. However, i t  is  not poaeibli assess the
e ff ic a c y  o f  the r e h a b ilita t io n  course in the absence o f  data on 
spontaneous recovery which occurs without the b en e fit  o f  s p e c if ic  
therapy.
The ultimate le v e ls  o f  VO  ^ and LV a tta ined  at the end o f  
the recovery process by the in jured and uninjured legs w i l l  r e f le c t  
th e ir  p reva ilin g  lsVSl o f  a c t iv i t y .  It may tW re foT S  bs M M  unary 
to  take in to  account whether there is  a consistent preference fo r  
one le g  in  order to assess the normality o f  any in te r-lim b  d ifferen ces  
found at that time.
Measurement o f the fo rce s  exerted and work performed during 
submaximal tw o-log exerc ise  indicates a large  d isproportionate sharing 
o f  work between the legs  and th is  was not a ttr ib u tab le  to  conscious 
e f fo r t  on the part o f  the p a tien ts . The net fo r ce  exerted  by the 
in jured le g  is  -  40jf le ss  than that exerted by the uninjured le g  and 
c le a r ly  th is  w i l l  mean that 2- le g  exercises may not produce the desired 
maximal a fre e t when used as part or a programme or re h a b ilita t io n  therapy 
unless c a re fu lly  monitored.
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F in a lly ,  to  return to  more th eoretica l cons idera tions, the present
th esis  u n d er lin e  the anymmetrical on e-leg  model.
I t s  p a rticu la r merit i s  that i t  permits the d isa ssoc ia tion  o f  central 
and peripheral factors  and may therefore prove a most usefu l too l in 
the study o f  p h i lo lo g ic a l  control mechanisms during exe rc ise .
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L IS T  OX A l-H 'l.VIATIO W S
M l
P h y s ic lo c i cal Parameters
card iac frequency
' i 0 »
fra c t io n a l concen tration  o f  insp ired  oxygen
LA la c t ic  acid
KFF mean o f  the peak fo r ce  exerted in  each  c y le  over a 
1 o r 2 minute p eriod
4 card iac  output
SV stroke volume
RPE ra ted  perceived e xe rt ion
♦co2 carbon d ioxide output
* r
pulmonary exp ired  ven tila tio n
♦°2 oxygen uptake
* » 2 ^
maximum oxygen uptake
oxygen uptake expressed as a percen tage  o f  $02 r „ ..
mean t id a l  volusm
fi work load standardised per unit tim e
* »
work performed on the cranks o f  th e  ergom eter 
(ca lcu la ted  from fo rce  records) s tan d ard ised  per 
un it time.
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* ° 2  175
oxyC<'n uptake in 1 -leg  exerc ioe  a t f  o f  
175  beato/ain
* ° 2  195
oxygen uptake in  2—le g  e xerc ise  a t f  o f  
195 beats/ain
* ° 2  450 (o r  73)
oxygen uptake in 1 -leg  exe rc ise  a t work load o f  
450 kpm/ain (73 w a tts ).
* ° 2  900 (o r  147)
oxygen uptake in ?— lo g  e xerc ise  a t work load o f  
900 kpm/ain (147 w a tts )
V°2  R20 oxygen uptake at RPE 20.
TT 30 aean t id a l voluac at o f  30 l/a in
P h ^ B lo l charac.t.e r is t ic s
1
«1
in jured le g  
uninjured le g
S preferred  lia b
up non-preferred lia b
r
1
r igh t leg  
l e f t  leg
LEM lean lody mass ca lcu lated  from  ( 4 s f  (Durnin and 
Rahaman 1967)
IX le g  volume
*  4 « f sum o f  4 sk in fo ld s  ( t r ic e p s ,  b iceps , subscapular, 
suprai1ia c )
St a t 1 at 1 o * l
ov c o e f f ic ie n t  o f  v a r ia tio n
d d ifferen ce
r corre la tio n  c o e f f ic ie n t
SD standard dev ia tion
SEy standard e rro r  o f  the e s t ia a te  o f  y
X StudentV *t* value.
A Change ( e .g .  b efo re  c f .  a f t e r  tra in in g )
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Conventional methods were used in the s ta t is t ic a l  treataent 
o f  the data (Armitage 1970).
S w a r ia e d  data is  given in  the f o r «  o f  moons and standard 
deviations throughout the te x t .
Comparison o f  data was made using Student's * t '  t e s t .  Where 
, h„ .  « » p a r i .o r . «  » o r .  t o l « . « »  4 1 f f . r .n t  group. or | M l a U  ond/or 
„ m l  .u b j.o « .  •  group.d »  r * 1” "1 • * '  “ “
m l  moo c m p .r l.o o .  ooro m d . « l t h lo  10« m ~  lo d lv ld m l 
t o r .r o  V .. . n o r  tr o . lm .d / t r . ln ln .1 or r igh t l o .  o .o r c i .o  roopomo 
VS. l e f t  le g ) .
Reprint o f i  Davies C.T.M. and Sargcant A .J. 
(1975«) E ffe c ts  o f  Exercise Therapy on t o t a l  
and component tissue le g  volumes o f  patien ts 
undergoing r e h a b ilita t io n  from lower limb 
it,ju ry . Armais o f  Human B io logy 2, 3*7-337«
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Effects o f exercise therapy on total and component tissue 
leg volumes o f patients undergoing rehabilitation from 
low er limb injury
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total leg volume is given
At the start of rehabilitation, muscle volume was signifies«t ly 
smaller I MO ml. Ih per corn  in the injured than in the uninjured 
leg By the end of rehab' ti.anoti I mean 50 days) the injured leg 
had significantly .nereased by 3*0 ml (8 per cenll over its initial 
volume, and the uninjured o i k :  haJ mcieaied but not significantly 
1120 ml. 2 per cent), so that the injured leg was soil — II gwrr cent 
1*20 ml) smaller than the uniniurcd
The initial degree of atrophy and the period ot smmofeiUxal 
were not significantly correlated, although the latter show« 
negative relationship </’ ^005 1 with the rate ot increase of mui 
volume in the iniured leg No significant correlntunt was foi 
between the rain, of iniured uniniurcd leg volumes tnd mat 
width measurements s i | subischwl. at 12 7 cm above the k 
joint space or at the masurium calf In systematic studies mvols 
atrophy muscle volume must therefore he estimated either 
anthropometry or by X-ray measurements
The importance of the relationship of limb size and structure to physiological 
function has been tv >wn in a number of papers from this laboratory I see Davies. 
1*74. I lor general review and Davies and Sargeant. 1*74 a. b) hut no comparable 
data i list for putients w(i> suffe' limb tniury
The present paper is concerned with anthropometric studies on patients under- 
pomp ■  systematic programme of exercise therapy following fracture of the leg
Santury Anthropomcti * and X-ray data were collected on 
20 young male patients undergoing a systematic programme of 
exercise therapy following fracture I the leg and consequent
immobilization for 25 254 .mean 117) days Estimates of total leg 
volume, calculated from X-ray or from anthropometric measure 
meats, were essentially .nterchangeahle in both the iniured and
qured legs A procedure fo» estimating muscle volume from
on for 25 254 days (mean 117 days) at the Jmat
A  cn
Medn.l Rehabilitation » nil. < hessington
"  sectional study was made of 20 patients from I to 7* (mean 28) day
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Anthropometry unti lower limb unary
muscle plus bone
(o the techniques described are summarized in table 3 The volume changes which 
occur in these patients are largely attributable to changes in the muscle volume 
alone, since bone volumes remain constant, although the fat volume measured in 
the injured leg is slightly 1170 mil but significantly (P -0 051 larger than in the 
uninjured leg at the start of rehabilitation. I he effect of rehabilitation is to reduce 
the measured fat volume in the injured leg by 80 ml and in ihe uninjured leg by
10 ml. It would be most interesting if these differences in the amount of sub­
cutaneous fat reflected genuine . hanges icsulting from the effects of immobiliza­
tion and subsequent esercisc therapy However, ihe changes are admiltedlv small 
and the possibility that they are artifacts of the method of measurement cannot 
be discounted
Thus although the difference between the iniurcd and uninjured legs at the 
start of rehabilitation is only V per cent in terms of total volume, when allowance 
ia made for the fat and bone volumes, the difference in muscle volume rises to 
16 per cent. As was expected, the muscle volume increased significantly (/* -0-00I) 
in the injured leg as a result of rehabilitation by 360 ml <8 per cent). Rather more 
surprisinglv it was found that the uninjured leg muscle volume also showed a 
slight though non significant increase representing 2 per cent of the initial volume, 
thus off-setting some of the apparent improvement in Ihe intured leg. so that the 
difference at the end of rehabilitation between injured and uninjured leg was still
11 per cent <cf. 16 per cent before* This finding would seem to indicate thut the 
immohili/ation of one leg with consequent restriction of normal activities is 
sufficient to result in muscle atrophy in the uninjured limb It is possible, however, 
though less likely, that the rehabilitation programme, including as it does elements 
of strength training for both limbs, may may result in a hypertrophy of the 
uninjured leg muscle above the level prior to injury, and certainly this view is
in normal subjects iMcMorris and Likins. I*»54) as a result of 12 weeks intensive 
training (cf. 7 weeks in the present study)
the initial pre-rehabilitation measurement ifigure I) the mean rale of improvement 
of the injured leg ia — 1-2 per cent per 10 days This ale seems largely independent 
of the stage of rehabilitation and tlic utc ease in volume appears to be linear with 
time Despite a great deal of intersubject variability there is a slight but significant
are complex and may be more psychological rather than physiological arising from 
loss of motivation and increasing apathy with Hie length of time taken for Ihe 
fracture to achieve satisfactory union, in addition to restricted joint mobility and 
muscle adhesions which limit full participation in the exercise therapy programme
Like Patel rl at. <!«••> we could find no correlation between the initial degree 
of atrophy (whether taken as the first measurement or predicted by backward 
eatrapolalion at the end of immobilization) and ihe length of time spent 
immobilized, although this period ranged from 25 to 234 days This suggests that 
the atrophic response to disuse in man is a rapid phenomenon occurring within 
the first few weeks of immobilization
The nature of the muscle atrophy is not clear although it is interesting to note
with the finding of a —6 per cent
Considering the rate of as a percentage of
(P<W)5) negative asvicialion between the rale < muscle volume increase and 
the time spent immobilized Ifigure 2). The possible reasons for this association
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